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Multiply By T
o obtain

Length

inch ( in) 25.4 millimeter

foot (

ft
) 0.3048 meter

mile (mi) 1.609 kilometer

yard (yd) 0.9144 meter

Area

square mile (mi2) 2.590 square kilometer

Volume

gallon (gal) 3.785 liter

acre- foot (acre-

ft
) 1,233 cubic meter

Flow rate

cubic foot per second (ft3/ s
)

0.02832 cubic meter per second

cubic foot per second per square mile

[
( ft3/ s)/ mi2]

0.01093 cubic meter per second per square

kilometer

cubic foot per day ( ft3/ d
)

0.02832 cubic meter per day

gallon per minute (gal/ min) 0.06309 liter per second

gallon per day (gal/ d
)

0.003785 cubic meter per day

gallon per day per square mile

[
( gal/ d)/ mi2]

0.001461 cubic meter per day per square

kilometer

million gallons per day (Mgal/ d
)

0.04381 cubic meter per second

million gallons per day per square mile

[
( Mgal/ d)/ mi2]

1,461 cubic meter per day per square

kilometer

Mass

pound, avoirdupois (lb) 0.4536 kilogram

ton, short (2,000 lb) 0.9072 megagram

ton per acre 0.0002242 metric ton per square meter

ton per day (ton/ d
)

0.9072 metric ton per day

ton per day per square mile

[
( ton/ d)/ mi2]

0.3503 megagram per day per square

kilometer

ton per year (ton/ yr) 0.9072 megagram per year

ton per year (ton/ yr) 0.9072 metric ton per year

CONVERSION FACTORS AND ABBREVIATED WATER- QUALITY UNITS
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Abbreviated water- quality units used in report:

g/ m2, grams per square meter

mg/ L
,

milligramsper liter

Density

pound per cubic foot (lb/ ft3) 16.02 kilogram per cubic meter

pound per cubic foot (lb/ ft3) 0.01602 gram per cubic centimeter

Temperature

degree Fahrenheit (
°

F
)

°C= 5
/

9.(° F
-

32) degree Celsius

Multiply By T
o obtain

CONVERSION FACTORS AND ABBREVIATED WATER- QUALITY UNITS—Continued
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A Summary Report o
f Sediment Processes

in Chesapeake Bay and Watershed

EXECUTIVE SUMMARY

b
y

Michael Langland, Thomas Cronin,

and Scott Phillips1

The Chesapeake Bay, the Nation's largest

estuary, has been degraded because o
f

diminished

water- quality, loss o
f

habitat, and over- harvesting

o
f

living resources. The bay was listed a
s

a
n

impaired water body in 2000 under the Clean

Water Act because o
f

excess nutrients and sedi-

ment. Water-quality standards must b
e met in the

bay b
y

2010. The Chesapeake Bay Program (CBP),

a multi-jurisdictional partnership, completed a
n

agreement called Chesapeake 2000 that revises and

establishes new restoration goals through 2010 in

the bay and

it
s watershed. In the agreement,

improving water quality is identified a
s one o
f

the

most critical elements in the overall protection and

restoration o
f

the Chesapeake Bay and

it
s tributar-

ies (fig.

1
)
.

Therefore, the authors o
f

the report tried

to extract, discuss, and summarize important

aspects o
f

sediment and sedimentation that are

most relevant to the CBP and other sediment

related- issues with which resources managers are

involved. Many o
f

these most important aspects

are underlined throughout the report. The first o
f

many important concepts is that excess sediment is

one o
f

the most important contributors to

degraded water quality and has adverse effects o
n

critical habitats (submerged aquatic vegetation

(SAV) beds) and living resources (shellfishand

finfish) in Chesapeake Bay and

it
s watershed.

Sediment is solid material (soil and rock

fragments) transported and deposited b
y wind,

water, o
r

ice; chemically precipitated from solu-

tion; o
r

secreted b
y organisms. Sediment sus-

pended in the water column consists o
f

solid

particulate organic and inorganic material

(Chapter

1
)
.

This material can reduce water clarity

and increase light attenuation such that light pene-

tration commonly is below the thresholds needed

to support healthy SAV. SAV beds constitute a
n

important biological resource in estuaries. These

beds influence the physical, chemical, and biologi-

cal conditions o
f

the estuary and provide critical

habitat for many other species, in addition to their

photosynthetic activity that produces organic

material used b
y

other plants and animals. In addi-

tion, SAV provides shelter and substrate for many

invertebrate species including commercial shellfish

and finfish. SAV also can contribute to improved

water quality through uptake o
f

nutrients during

the SAV growing season, when excess nutrient

levels can lead to excessive algal growth, increased

turbidity, and oxygen depletion.

In the Chesapeake 2000 agreement, the CBP

recognized that interim SAV restoration goals set

in 1993 had not been met and that a new acceler-

ated program o
f

protection and restoration was

needed. The strategy for SAV restoration is

described in detail in a recent report submitted to

the CBP Implementation Committee. Aspart o
f

the

effort to protect and restore SAV and meet water-

quality standards in the bay, the CBP has commit-

ted to correcting the sediment and nutrient prob-

lems in the bay and

it
s tidal waters. The goal o
f

this

commitment is the removal o
f

the bay from the list

o
f

impaired watersheds b
y

the year 2010. T
o do

this, the CBP is committed to developing sediment

and nutrient allocations for majorbasins within the

bay watershed. The allocations would b
e used b
y

the jurisdictions to revise nutrient- and sediment-

reduction goals. Watershed- management plans

that address the protection, conservation, and res-

toration o
f

stream corridors, riparian forest buffers,

and wetlands would b
e developed to meet the pro-

posed goals. The CBP is also in the process o
f

examining new and innovative management plans

in the estuary itself and along the coastal zones o
f

the bay that may decrease sediment influx and

improve water quality. These commitmentsrequire

information about sediment sources, transport,

composition, and deposition in various parts o
f

the

bay and

it
s watershed to formulate sediment-

reduction management strategies. Specifically,

1

U
.

S
.

Geological Survey.

information is required to develop sediment-
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Figure 1
.

Location o
f Chesapeake Bay watershed and estuary.
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reduction strategies in 2003, to evaluated their

initial effectiveness in 2005- 06, and to assess

whether water-clarity standards have been met b
y

2010.

In addition to it
s effect o
n water clarity,

excess sediment can have other adverse effects on

ecosystems. For example, sediment can carry toxic

contaminants and pathogens that may negatively

affect fisheries and other living resources. Exces-

sive sedimentation also can degrade the vitality o
f

oyster beds and other bottom-dwelling organisms

in the bay and affect commercial shipping and rec-

reational boating byaccumulating in shipping

channels. In the bay watershed, sediment is listed

a
s

the primary cause o
f

impairment in many

streams where it can severely degrade stream habi-

tat and decrease benthic populations. Understand-

ing estuarine and fluvial sedimentary processes is
critical for improving water quality and living

resources in the bay and should provide improved

management o
f

stream corridors and protection o
f

eroding coastal zones in the watershed.

A SedimentWorkgroup (SWGP) was created

in April 2001 under the auspices o
f

the Nutrient

Subcommittee. I
t was recognized that reliable and

up-to-date information on sediment processes in

the bay and

it
s watershed was widely dispersed in

the literature and not readily accessible to the CBP
and management community. This report presents

the results and conclusions o
f

the efforts o
f

the

SWGP; the highlights are given in this Executive

Summary.

Sediment and Suspended Solids

A variety o
f

conceptual and technical

approaches have been used to study the origin,

transport, and fate o
f

particulate material in the

Chesapeake Bay system. Sediment is a term

describing particulate material. In estuaries like

Chesapeake Bay, sediment consists largely o
f

water- borne detrital material (pebbles, sand, mud)

and varying amounts o
f

particulate organic mate-

rial. Over time, sediment mayaccumulate to form

clastic rocks (conglomerate, sandstone, shale).

However, most sediments deposited during the

past 8,000 years in Chesapeake Bay are still uncon-

solidated. Sediment deposited during the last few

centuries in the bay still contains more than 50-per-

cent water content in pore spaces between sedi-

mentary particles. The organic fraction o
f

sediment

collected from the bottom o
f

the bay indicate sedi-

ment consists o
f

1
-

3 percent organic material; the

rest consists o
f

inorganic mineral material and

lesser amounts o
f

shell material.

Sediment in the bay usually is studied b
y

obtaining water column samples, bottom samples,

and (or) sediment cores. These samples are then

subjected to a variety o
f

physical, chemical, and

biological analyses depending o
n the scope and

purpose o
f

the research. Geologists describe sedi-

ment in terms o
f

grain size, texture, mineralogy,

and other characteristics. From the standpoint o
f

water clarity, one o
f

the most important character-

istics o
f

bay sediment involves the distinction

between fine-grained sediment, which refers to the

clay ( less than 1
/

256- mmdiameter) and silt ( 1
/ 256

to 1
/

16-mm diameter)-sized fractions, and coarse-

grained sediment, which refers to the sand ( 1
/

1
6 –

2
- mmdiameter) and pebble ( 2
-

6
4 mm diameter) -

sized fractions. This fine/ coarse distinction is

important because most coarse material is trans-

ported along the bottom o
f

rivers and the bay and

has little effect on light penetration. In contrast,

fine-grained sediment commonly is in suspension

and, depending on

it
s abundance, grain-size distri-

bution, and degree o
f

aggregation, can influence

light penetration.

In contrast to research o
n sediment that has

accumulated on the bottom o
f

the bay and

it
s trib-

utaries, hydrologists and biologists commonly

investigate particulate material suspended in the

water and collected in a water sample ( Chapter

1
)
.

This particulate material is referred to a
s

either

total suspended solids (TSS) o
r

suspended- sedi-

ment concentration (SSC). These two measure-

ments are used to quantify the concentrations o
f

suspended solids in a water sample (Gray and oth-

ers, 2000), and both are given in milligramsper

liter. SSC is measured a
s the dry weight o
f

total

sediment in a sample divided b
y

the amount o
f

water- sediment mixture in the sample. TSS is mea-

sured by several methods, usually b
y taking a sub-

sample o
f

known volume fromthe original

suspended- sediment sample, drying the sediment,

and dividing b
y

the known volume. Mostsus-pended-
solids measurements cited in this report

refer to TSS.

The relation between fine-grained sediment

loads (mass per unit time) to the bay and TSS con-

centrations in bay waters is not well understood.

This is particularly true in terms o
f

the chemical

composition (organic versus inorganic), grain-size

distribution, and aggregation state. The relation

between rates o
f

fine-grained sediment accumula-
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tion o
n the bottom o
f

the bay and TSS concentra-

tions in the water column is not clear. However,

available information suggests that relatively high

sediment accumulation characterizes regions o
f

high turbidity such a
s the Estuarine Turbidity

Maximum (ETM) zone in the northern bay. In this

report, every effort was made to assimilateresults

derived from disparate studies o
f

sediment and

TSS into a consistent and meaningful context.

Suspended Sediment, Water Clarity,

and Submerged Aquatic Vegetation

The amount o
f

light reaching SAV living in

shallow waters o
f

Chesapeake Bay is influenced b
y

many factors (Chapter

1
)
.

The most important

properties in the water column are water color

(usually discussed a
s

dissolved organic carbon),

concentrations and size distributions o
f

TSS, and

chlorophyll a
.

Collectively, these constituents

decrease the amount o
f

light reaching the leaf sur-

face o
f SAV relative to their presence in the water

column. Water column TSS consists o
f

organic

material, referred to a
s

total volatile suspended

solids (TVSS), and inorganic ‘ mineral’ matter.

Because TVSS consists o
f

organic components o
f

water (phytoplankton, heterotrophic plankton,

bacteria, and particulate organic material),

it
s rela-

tive contribution to TSS is related to nutrient con-

centrations and algal abundance. The inorganic

mineral component o
f

TSS, which commonly com-

prises greater than 5
0 percent o
f

total TSS, gener-

ally consists o
f

fine-grained silts and clays.

Therefore, inorganic sediment plays a
n important

role in the degradation o
f

water clarity in the bay.

The relative abundance o
f

inorganic sediment is

related to various physical processes such a
s

river

discharge, tidal and wave erosion, estuarine circu-

lation, and currents. Additional factors involving

inorganic sediment abundance include local and

regional geology, geomorphology, and land uses.

In addition to TSS and chlorophyll a in the

water column, epiphytes and other organic and

inorganic material accumulate o
n the SAV leaf sur-

faces. This accumulation decreases light penetra-

tion, which is necessary for photosynthesis.

Epiphyte abundance o
n SAV is itself influenced b
y

nutrient loading and algal abundance. The amount

o
f

inorganic material settling o
n

leaf surfaces is

influenced b
y mineral sediment in the water col-

umn. Light attenuation b
y

material settling on SAV

surfaces is related closely to processes taking place

in the water column.

Comprehensive analyses o
f

TSS spatial and

temporal variability in the Chesapeake Bay and

it
s

tributaries have yet to b
e carried out. Nonetheless,

information available in the Chesapeake Bay Infor-

mation Management System (CIMS) indicates a

high degree o
f

temporal and spatial variability in

TSS concentrations. Bay-wide spatial variability in

TSS concentrations during winter and spring sea-

sons during relatively dry (1992) and wet (1993)

years is shown in figure 2
.

These plots were con-

structed using seasonally averaged TSS data and

spatial contouring analyses. They show two main

features o
f

bay TSS variability:

• High winter TSS concentrations during

1992 near the mouth o
f

the bay reflect

ocean- source sediments (see Chapter

3
)
.

• High TSS concentrations in the northern

bay and in the larger tributaries, especially

during 1993, reflect high turbidity in the

ETM zones (see Chapter

4
)
.

Spatial analysis o
f

TSS is useful to illustrate

the complexity o
f

TSS in the bay and allows for

comparison with model-generated water-quality

information and maps o
f SAV census and distribu-

tion data. Studies to date have suggested that time

and space scales o
f

sediment transport in the sys-

tem can b
e quite short/ small. Additional data on

the shorter term, smaller scale variability o
f TSS

would help to formulate and test a moreaccurate

sediment- transport model for the bay. An
improved model could lead to a better understand-

ing o
f

the relations between sediment sources and

suspended- sediment distributions. Further discus-

sion o
f

TSS variability is given in Chapter 1
.

An additional complexity not reflected in
the TSS patterns is that the grain size characteris-

tics o
f

TSS also can influence the amount o
f

light

attenuation because o
f

different optical characteris-

tics o
f

different material. Additional research o
n

TSS, especially studies that determine TSS size and

composition, is necessary for a better understand-

ing o
f

the relative proportions and physical charac-

teristics o
f

inorganic and organic sediments and

their sources throughout the bay system.

In summary, the literature indicates that the

physical and biological processes governing inor-

ganic and organic sediment production, transport,

and deposition are complex and related to one

another. For example, management efforts to

reduce nutrient loadings also might help improve

water clarity b
y

affecting the levels o
f

particulate

material in the water column and algal epiphyte
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Figure 2
.

Concentrations o
f

total suspended solids in winter and spring, 1992 and 1993. ( Total suspended-

solids data from Chesapeake Bay Program, Annapolis, Md., Chesapeake Information Management System.)
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growth o
n SAV plants. Future research programs

and management strategies to control chlorophyll

a and nutrient loadings could b
e coordinated with

efforts aimed a
t

reducing the concentration o
f

inor-

ganic sediment. The cumulative effects o
f

organic

and inorganic material o
n light attenuation need to

b
e considered in management plans.

I
t also is clear, however, that the physical

processes governing the introduction, transport,

re-suspension, and deposition o
f

inorganic sedi-

ment are distinct from biological production o
f

particulate material driven b
y

nutrient concentra-

tions and primaryproduction. Primary production

is defined a
s organisms, such a
s algae, that convert

solar energy to organic substances through the

molecule, chlorophyll. Primary producers serve a
s

a food source for higher organisms. Consequently,

management practices aimed a
t

reducing nutrient

concentrations may not b
e sufficient to reduce the

influence o
f

inorganic sediment o
n water clarity.

Allocations for inorganic- sediment reduction ulti-

mately will b
e distinct from those for nutrients. In

addition, the spatial variability in sediment source

and the physical processes influencing inorganic

sediment transport and deposition need to b
e con-

sidered. The remaining sections in the executive

summary and following chapters in the report

describe these processes and their relevance to

water clarity.

Watershed Sources and Transport o
f

Sediment

A large proportion o
f

sediment that enters

the Chesapeake Bay is derived originally from ero-

sion in the bay watershed. Erosion from upland

land surfaces and erosion o
f

stream corridors

(banks and channels) are the two most important

sources o
f

sediment coming from the watershed.

Sediment erosion is a natural process influenced b
y

geology, soil characteristics, terrestrial habitat

cover (land cover), topography, and climate.

Some generalizations can b
e made about

erosion, sediment yield (mass per unit area per

unit time), and land use in the bay watershed

(Chapters 2 and

3
)
.

• For the entire Chesapeake Bay region,

river basins with the highest percentage o
f

agricultural land use have the highest

annual sediment yields, and basins with

the highest percentage o
f

forest cover have

the lowest annual sediment yields.

• Urbanization and development can more

than double the natural background sedi-

ment yield; the increase in sediment yield

is highest in the early development stages.

• After development is completed, erosion

rates are lower; however, sediment yield

from urbanized areas can remain high

because o
f

increased stream corridor ero-

sion due to altered hydrology.

• One study in a
n urban setting estimated

2
/ 3 o
f

the sediment in the water column

was from streambanks and 1
/ 3 was from

upland erosion.

• Other activities also influence upland ero-

sion. For example, mining for coal and

minerals, although in decline in the water-

shed from historical levels, still contributes

fine particles from “reworked” piles to riv-

ers. This can increase sediment yields

above background levels.

• Most o
f

the sediment yield fromthe water-

shed to the bay is transported during

bankfull conditions, which take place o
n

average every 1
-

2 years, and during rela-

tively large storm events. Hence, sediment

input to the bay potentially can b
e affected

b
y large-scale patterns o
f

climate change.

Despite these generalities, one o
f

the most

important conclusions drawn b
y

the SWGP was

that the relative contribution o
f

upland sediment

and the sediment stored in stream corridors has

not been quantified in the bay watershed. Such

information is important to formulate effective

sediment- reduction strategies.

Another important conclusion involves the

historical changes in the generation and delivery o
f

sediment fromwatershed sources to the estuary.

Natural pre-colonization erosional processes have

been severely disrupted since the 17th century a
s a

result o
f

land- use practices. During the 18th and

19th centuries, the amount o
f

land cleared for agri-

culture and timber production was extensive. Dur-

ing this time, 70- 8
0 percent o
f

the original forest

cover was cleared. This land disturbance increased

erosion rates in the bay watershed, leading to

greater amounts o
f

sediment transport from the

land surface toward the bay and

it
s tributaries.The

trend toward deforestation peaked in the late 1800s

and was reversed during the 20th century when

reforestation increased. Erosion rates, in theory,

should have decreased during this period. How-
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ever, urbanization and the remobilization o
f

previ-

ously eroded sediments may have contributed to

continued high erosion rates during the past few

decades.

Quantitative region-wide data on decadal

trends in erosion over the past few centuries are

lacking. The rates o
f

erosion can b
e inferred from

long- term changes in sediment mass accumulation

obtained from geological studies o
f

sediment cores

in the bay and tributaries. These studies indicate a

four- to five- fold increase in sediment mass accu-

mulation in some parts o
f

the bay since the 1800s

(fig.

3
)
.

However, in contrast to areas experiencing

large increases in sediment loads, other regions

experienced little o
r

n
o change in post-colonization

sediment rates. This indicates that the effect o
f

land

clearing o
n sediment accumulation was not uni-

formthroughout the bay system and varied

according to watershed histories. In addition,

physical processes controlling erosion and deposi-

tion in the bay itself may vary.

The substantial lag time between upland and

stream- channel erosion and eventual transport and

deposition into critical bay habitats is not well doc-

umented. Much o
f

the sediment eroded from

cleared land during colonial timesmay still b
e

stored in upland areas and in stream corridors.

These storage areas include riparian areas and res-

ervoirs, small tidal tributaries, and lowland flood-

plain zones. I
t
is unknown what proportion o
f

sediment eroded during land clearance is stored in

channels and tributaries and what proportion actu-

ally has reached the bay. This temporarily stored

sediment—sometimes referred to a
s “ legacy sedi-

ment”—will ultimately make

it
s way to the bay.

However, it may take decades o
r

longer, depend-

ing o
n

it
s location in the watershed and future cli-

matic and hydrologic factors. Therefore, future

improvements in water clarity may take years to

decades following implementation o
f

land- use

changes in the watershed. For this and other rea-

sons addressed below, the CBP may want to con-

sider land- based practices nearer the tidal portions

o
f

the bay and

it
s tributaries and additional man-

agement strategies both along and in the bay

coastal zones to help meet water-clarity goals b
y

2010.

Sediment Sources and Transport to the Bay

and Tributaries

The primarysources o
f

fine- (clay and silt)

and coarse (sand and gravel) -grained sediment

into the main bay are input fromthe main rivers in

the watershed, input fromsmaller tributaries and

streams, erosion from shorelines and coastal

marshes, ocean input a
t

the mouth o
f

the bay, and

internal biogenic production o
f

skeletal and

organic material. A generalized map o
f

pathways

for sediment movement is shown in figure 4
;

major

sediment sources to the bay are shown in figure 5
.

On the basis o
f

these figures and additional infor-

mation discussed below, five generalities about

sediment movement and sources can b
e made

(Chapters 5 and

6
)
.

1
)

Although estimates o
f

the relative contri-

butions o
f

different sediment sources in any partic-

ular region vary among different authors, it

generally is agreed that in the northern bay, the

Susquehanna River is b
y

far the dominant source
o
f

sediment influx; in the southern bay, shoreline

erosion and influx from the ocean is the dominant

source; and in the central bay, the majority o
f

sedi-

ment influx comes from shoreline erosion o
r

is pro-

duced internally b
y

biological processes. Most

sediment entering the bay from the Susquehanna

River is trapped b
y

the ETM zone, which is a

region o
f high turbidity in the northern bay (see

below).

2
) For rivers o
n the western shore, watershed

inputs are the primarysource o
f

sediment deliv-

ered to tidal fresh regions o
f

tributaries.As in the

main stem, there is a
n ETM zone upstream in the

larger tributaries. Forregions o
f

western shore trib-

utaries downstream o
f

the ETM zone, and in most

Eastern Shore rivers, coastal plain tributaries and

shorelines aremore important sources o
f

sediment.

Implication for the tidal tributaries could b
e

to

focus o
n sediment sources in the watershed to help

improve clarity in the tidal fresh zones and focus

more o
n fastland (above tidal water) and nearshore

(below tidal water) sources o
f sediment to improve

clarity downstream o
f

the ETM zone in each tribu-

tary.

3
) Export from tributaries to the main stem

bay is a complex subject with differing opinions

expressed in the literature. Many researchers have

suggested that much o
f

the sediment transported

into the major tidal tributaries frommajor rivers,

smaller tributaries, and shoreline erosion is depos-

ited in the tributaries. Other researchers, however,
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Figure 3
.

Comparison o
f

historical (1880- present) and long- term sediment flux a
t

core sites in Chesapeake

Bay ( determined b
y methods and data described in Chapter 6
,

table 6.1).
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Figure 4
.

Major pathways o
f

sediment transport in Chesa-

peake Bay (from Hobbs and

others, 1990). (Note, the

thickness o
f

arrows does not

equate to amount o
f

mass

transported.)
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have suggested substantially moreexport o
f

sedi-

ment out o
f

tributaries and into the bay than gener-

ally is believed. This is especially true during

extreme weather events, such a
s

Tropical Storm

Agnes, o
r

sustained periods o
f

high freshwater

inflow, when a substantial amount o
f

sediment can

b
e exported into the main stem bay. Obtaining

quantitative data o
n this issue would require

extensive field studies.

4
)

Whereas northern and southern bay sedi-

ment sources are dominated b
y

the Susquehanna

River and shoreline and ocean input, respectively,

the sources o
f

sediment entering the central bay are

less well known. Early studies suggested a
s much

a
s

1
8 and 2
2 percent o
f suspended material in the

central bay came from skeletal material and

organic production, respectively, and a
s much a
s

5
2 percent came fromshoreline erosion. A number

o
f

studies, using geochemical tracers in sediments,

satellite images, buoys, and other methods, pro-

vide evidence that fine-grained material may b
e

transported southward out o
f

the ETM zone and

northward from ocean sources into the central bay

region. This material may play a
n important role in

many critical SAV regions. However, quantitative

estimates o
f

the relative proportion o
f

fine-grained

sediment transported southward and northward

into the central bay compared to local shoreline

erosion and biogenic production remains one o
f

the uncertainties o
f

sediment transport within the

bay proper.

5
)

Little o
r

no sediment is exported fromthe

bay to the adjacent ocean except during extreme

climate events causing high freshwater inflow

from the watershed. This reflects the overall sedi-

ment trapping nature o
f

the entire bay system.

T
o obtain quantitative data o
n the sediment

pathways and sources discussed above, the SWGP
compiled available data o

n the relative contribu-

tions o
f

fine-grained sediment loads into regions o
f

the bay and in certain tributaries based on some o
f

the more comprehensive research papers. These

data are presented in figure 5 and expressed a
s

mass and percent contribution. Coarse- grained

sediments (sand and gravel) are not considered in

this analysis, although data o
n coarse sediment is

extensive in the literature. These data are further

classified and plotted b
y

source and compared to

sediment mass contributions from different water-

sheds a
s estimated b
y

the CBP Water Quality

Model Scenario from2000 (fig.

6
)
.

Six potential sources o
f

sediment shown in

figure 6 are described a
s

follows: ( 1
)

Riverine

input is defined a
s suspended sediment trans-

ported b
y

the major rivers entering the bay and

usually measured b
y monitoring stations near the

Fall Line Zone. ( 2
)

Tributary input is defined a
s

sediment entering the tidal parts o
f

major tributar-

ies fromsmaller rivers draining the Eastern and

Western Shore. ( 3
)

Shoreline sources are defined a
s

sediment derived mainly frombank and headland

erosion, although low-lying coastal marshes also

contribute. ( 4
)

Biogenic sediment has two compo-

nents—skeletal material and particulate organic

material, both produced by organisms. Biogenic

sediment commonly is not measured in studies o
f

sediment flux in the bay. Therefore, values for the

proportion o
f

biogenic material commonly are not

available. ( 5
)

Import o
f

sediment signifies sedi-

ment imported from the main stem into larger trib-

utaries. ( 6
)

The last source o
f

sediment is the

import into the bay through

it
s mouth from ocean

sources. This sediment ultimately comes from the

Figure 5
.

Relative contributions o
f

sediment sources to the estuary with fastland (above tidal water) erosion (left)

and with fastland and nearshore (below tidal water) erosion (right). (Based on data in chapter 7
,

table 7.2, and

U
.

S
.

Army Corps o
f

Engineers, 1990.)
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Figure 6
.

Sources o
f

fine- grained sediment from different sources based on literature (right half) compared to model- generated loads (left half)

(Based on table 7.2 in chapter 7).
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continental shelf and coastal regions o
f

the south-

ern Delmarva Peninsula and is subject to complex

depositional and erosional patterns in the bay

mouth region.

Several important conclusions can b
e drawn

from the data in figure 6
:

• Susquehanna River sediment dominates in

the north.

• Oceanic- source sediment is the dominant

source in the southern bay, although this

total includes a
n unknown amount o
f

sedi-

ment eroded from shorelines and perhaps

some sediment exported from major riv-

ers. A further breakdown o
f

this large load

o
f

sediment requires moredetailed analy-

sis.

• Different tributaries have different relative

contributions from riverine, shoreline, bio-

genic, and oceanic sources.

• In different parts o
f

large tributaries such

a
s the Potomac and James, the relative pro-

portion o
f

shoreline and riverine sedi-

ments vary in upstream and downstream

regions. This reflects the trapping o
f

river-

ine sediments b
y

the ETM zone and the

diminished influence o
f

riverine sources

further downstream in a major tributary.

• Shoreline sources o
f

sediment are numeri-

cally important in the Choptank and Rap-

pahannock tributaries and to a lesser

extent in the Potomac and York Rivers.

Although the comparison o
f

empirical and

model-generated sediment loads is illustrative,

caution is urged because o
f

different definitions o
f

regions in the two data sets. Moreover, the values

in figure 6 do not distinguish resuspended sedi-

ment, which might overwhelm the loading o
f

newly introduced sediment in some regions under

certain conditions (see below). Further data- model

evaluation might minimize the discrepancies o
f

the

shoreline erosion loads b
y using more recent and

spatially detailed estimates o
f

shoreline erosion.

The improved database available from the

literature o
n sources and transport o
f

sediment in

various regions o
f

the bay and

it
s tributaries sug-

gests additional modifications to sediment- man-

agement strategies in the future may b
e

considered. For example, the water- quality model

forChesapeake Bay may b
e used to guidesedi-ment-reduction strategies. Currently, the model

considers load estimates fromthe watershed

model calibrated from TSS data collected a
t

the

River Input Monitoring sites, estimates o
f

sedi-

ment inputs from below the River Input sites, and

from estimates o
f

shoreline sediment input based

o
n estimates determined by Ibison and others

(1992). In the future, it will b
e most important to

integrate refined sediment- source estimates not

only forshoreline and riverine input, but also for

biogenic and oceanic sources o
f

sediments into

Chesapeake Bay. In addition to factoring in a
ll

potential sources o
f

sediment influx and resuspen-

sion, modeling simulations may begin to integrate

knowledge o
f

the spatial and temporal variability

in shoreline erosion summarized below and dis-

cussed in detail in Chapter 5 o
f

this report.

Shoreline Erosion

The contribution o
f

shoreline erosion to total

suspended sediment deserves special comment for

several reasons (Chapter

5
)
.

First, shorelines are

retreating because o
f

the relatively rapid rate o
f

sea- level rise (1.3 f
t for the last century) (Cronin

and others, 2000) in the Chesapeake Bay and Mid-

Atlantic coast. This rate is twice that o
f

the world-

wide average and is the result o
f

regional land sub-

sidence and ocean warming. Although estimates o
f

the future rate o
f

sea- level rise caused b
y

global

warming include a
n extremelyhigh degree o
f

uncertainty, most experts expect a
n acceleration o
f

sea- level rise. This acceleration implies greater

coastal submergence and perhaps shoreline ero-

sion in low- lying regions o
f

the Chesapeake Bay

area. The regions vulnerable to sea- level rise over

the next century are shown in figure 7
.

A second critical aspect o
f

shoreline erosion

is that most research indicates the relative contri-

bution o
f

shoreline erosion is variable, and may b
e

a
s high a
s

8
0 percent o
r

more o
f

the total fine-

grained sediment load in the central part o
f

the

main stem, south o
f

the bay ETM zone, and in the

central regions o
f

large tidal tributaries. Because

the Bay Program Water-Quality Model currently

assumes one value (uniform rate) fromfine-

grained shoreline erosion, it will b
e important in

future model development and implementation o
f

management actions to take into account variabil-

ity in shoreline loads.

The third important aspect o
f

shoreline ero-

sion involves potential management efforts to

reduce total sediment input into the bay system.

As discussed below and in Chapter 4 o
f

this report,
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sediment derived from the watershed upland and

stream channels can take years to decades o
r

longer to actually reach the lower tidal tributaries

and the main stem o
f

the bay. Although the transit

time is not known precisely, it is clear that the

implementation o
f

management practices in the

watershed most likely will not have a
n immediate

effect on bay water clarity because o
f

sediment-

transport processes. In contrast, management

actions to protect and maintain the extensive

shorelines o
f

the bay system may have a more

immediate effect o
n decreasing sediment loads

into parts o
f

the estuary.

I
t
is important to remember that, although

excess sediments may b
e detrimental for SAV

growth, a certain amount o
f suspended sediment is

necessary for the health o
f

other systems in the bay

and

it
s tributaries. For example, sediment is critical

to maintaining the elevation o
f

tidal wetlands. An
important source o

f

sediment for these wetlands is

from overbank flooding ( i. e
.

suspended sediment

in the riverine and/ o
r

estuarine waters). Sus-

pended sediment in littoral cells is also a natural

source o
f

material for beach progradation (beach

growth) in some areas.

Figure 7
.

Vulnerability o
f

low- lying regions around Chesapeake Bay to

future sea-level rise. Future sea-level projections are uncertain but

areas shown in red are most vulnerable to submergence and/ o
r

storm

surges (from Titus and Richman, 2001).
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Finally, three important points about shore-

line erosion require emphasis. First, shoreline ero-

sion can occur in both “fastland” (above tidal

water) and nearshore (below tidal water) zones.

Fastland erosion accounts for one-third and near-

shore erosion accounts for two- thirds o
f

the esti-

mated shoreline erosion. However, most studies

have focused o
n quantifying fastland erosion

inputs. The rate for fastland erosion is used in the

Water-Quality Model (model used b
y

the Chesa-

peake Bay Program to simulate water- quality con-

ditions in the estuary). Therefore, shoreline erosion

may b
e underestimated because o
f

the non- inclu-

sion o
f

the nearshore component.

The second point involves grain size, which

strongly influences light attenuation. In Water-

Quality Model simulations,about 3
3 percent o
f

the

total shoreline contribution to suspended sediment

was considered to b
e sand- and gravel- sized (and

thus not usually suspended). These assumptions

are based on the work o
f

Ibison and others (1992).

The literature on grain size for sediments depos-

ited in the bay and source sediments that outcrop

along the bay margins is extensive. Data from three

o
f

the more extensive studies are compared to the

fine- and coarse- grained breakdown used in CBP
model simulations (fig.

8
)
.

The figure shows that

the Ibison and others ( 1992) coarse/ fine ratio is

similar to that obtained b
y Hobbs and others (1992)

for the Maryland part o
f

the bay. However, shore-

line sediment from the southern bay (Byrne and

others, 1980) and from the tidal part o
f

the Poto-

mac River (Miller, 1987) has a relatively greater

proportion o
f

coarse sediment than in the Ibison

and others (1992) estimates.

Figure 8
.

Comparison o
f

coarse- (sand, gravel) and fine-grained (silt, clay) components o
f

shoreline

sediments fromdifferent studies. (Sources: Ibison and others, 1992; Byne and others, 1980; Hobbs and

others, 1992; and Miller, 1987.)
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The third and one o
f

the more important

conclusions o
f

the SWGP is that shoreline erosion

o
f

banks and coastal marshes is a large source o
f

fine-grained suspended sediment. However,

amounts vary greatly depending o
n the region and

location. Given that shoreline erosion is likely to

become a
n increasing source o
f

sediment if the rate

o
f

future sea- level riseaccelerates, shoreline- pro-

tective measures may b
e

a
n important component

in future management actions.

Natural Processes and Variability

in Sediment Transport

Several natural physical processes exert a

strong influence o
n the transport, resuspension,

and deposition o
f

sediment in the bay and
it
s tribu-

taries (Chapter

6
)
.

The variability stemming from

these processes poses a degree o
f

complexity and

additional challenges for managers in Federal,

State, and local government agencies in develop-

ing management strategies to improve water clar-

ity. The most important processes include

precipitation and river discharge associated with

climatological variability, wind-generated wave

and tidal current sediment resuspension in the

estuary, and tidal- and current-generated sediment

input from the ocean near the mouth o
f

the bay.

Climatological processes operate over vari-

ous timescales and are responsible for brief,

intense weather events (hurricanes and storms)

and seasonal, year-to-year, and decadal changes in

rainfall, river discharge, and sediment loads. For

example, it has been estimated that Tropical

Storms Agnes (1972) and Eloise (1975) transported

4
0 million tons o
f

sediment into the estuary. This

amount is about equivalent to the amount o
f

sedi-

ment normally transported from the entire water-

shed in 1
0 years. Such events also can lead to

southward export o
f

sediment out o
f

the ETM zone

from the northern bay into the central bay. Simi-

larly, strong storm events can reverse the long-term

pattern o
f

bay-to-tributary import o
f

sediment and

cause sediment to b
e exported frommajor tidal

tributaries into the main stem o
f

the bay.

Over intermediate timescales (seasonal to

decadal), climatological research using available

records and paleoclimate data obtained from sedi-

ment cores and tree-rings indicate that over the

past few centuries, seasonal and multi-year

droughts alternate with relatively wet periods.

This natural variability leads to cyclic- like changes

in bay salinity, sediment transport, deposition, and

composition a
s

illustrated in the cyclic pattern o
f

fine- and coarse- grained sediment from a region

off the Little Choptank River (fig.

9
)
.

This interan-

nual climate-driven variability in sediment charac-

teristics occurs in conjunction with changes in

nutrient loads and changes in biogeochemical

cycling. These changes have had strong effects on

the living resources o
f

the bay. In particular, inter-

annual climate variability influences the produc-

tivity, biogenic production, phytoplankton

dynamics, and, ultimately, water clarity and SAV
populations o

f

the bay.

Another natural process that influences

water clarity is sediment resuspension, especially

in the ETM zone and shallow waters. Resuspen-

sion involves complex processes controlled mainly

b
y wind-driven wave action, density-driven (salin-

ity) estuarine circulation influenced b
y

freshwater

discharge fromthe Susquehanna River and other

tributaries, and b
y tidal processes to a lesser extent.

Biological processes in the water column further

complicate inorganic sediment movement con-

trolled b
y

these physical processes. The production

o
f

organic particulate matter becomes mixed with

inorganic material, influencing light attenuation

and physical settling rates. Resuspension o
f

bot-

tom sediment produces a
n enormous mass o
f

sus-

pended matter that can diminish water clarity. For

example, estimates o
f

total suspended load in the

deeper parts o
f

the main stem bay in the ETM zone

can reach 135,000 metric tons per day, compared to

combined daily suspended matter load input from

the Susquehanna River, shoreline erosion, and bio-

genic sources o
f

only 4,400 metric tons. Resuspen-

sion o
f

fine-grained material is most prominent in

the deeper parts o
f

the bay where fine-grained sed-

iment is dominant. Once in suspension, however,

fine-grained sediments can influence shallow

water habitats if it is circulated b
y wind- driven

currents and transported to margins o
f

the bay.

Thus, the potential contribution o
f

sediment resus-

pension processes in deeper water may need to b
e

considered when managing shallow-water SAV

habitats.

Land- based management actions may

reduce sediment loads in rivers. However, extreme

weather events, climate variability, and tidal resus-

pension o
f

sediment will continue to effect water

clarity even if sediment delivery fromthe land is

reduced. Although these natural processes them-

selves cannot b
e controlled, efforts to better under-

stand the role that climate and other physical

processes play in TSS generation are extremely



1 6 EX E CU T I V E S U M M A R Y

Figure 9
.

X
-

radiograph o
f

400- cm long sediment core from central Chesapeake Bay o
f
f

Little Choptank River

mouth, approximately 1
1 m water depth. Alternating light and dark colors represent climate and hydrology-

driven changes in sedimentation, including changes in source, grain size, and biogeochemistry (From T
.

Cronin, U
.

S
.

Geological Survey and J
.

Hill, Maryland Geological Survey).
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important for ultimately improving probability-

based model prediction o
f TSS loading fromdiffer-

ent sediment sources. Modeling sediment loads

and secondary resuspension under various river

discharge extremes and under specified wave and

tidal conditions is one approach that might b
e con-

sidered. In addition to moredata- model research

efforts, “ in-situ” management practices to reduce

resuspended sediment should b
e investigated a
s a

means to improve water clarity. Investigations

could include, but not b
e limited

to
,

breakwaters to

reduce wave energy, planting o
f SAV beds, estab-

lishment o
f

oyster beds, and protection and rees-

tablishment o
f

filter feeders.

Sediment Deposition and Storage

Unlike some estuaries that export sediment

to the ocean, the Chesapeake Bay has been a sedi-

ment trap since sea-level rise flooded the former

Susquehanna River Valley about 8,000 years ago.

Sediment eroded from uplands and stream corri-

dors, transported fromthe ocean, eroded from

shorelines, and produced b
y

biological processes

has ultimately settled, been deposited, and buried

b
y

successive layers o
f

sediment in the main stem

o
f

the bay and in depositional regions in the tribu-

taries (Chapters 4 and

6
)
.

Over geological times-

cales, sediment in depositional areas may b
e

eroded and redeposited; over shorter timescales,

most sediment transported to the bay over the past

few millennia is effectively stored and n
o longer

contributes to suspended material.Understanding

where, when, and how sediment settles in the bay

system—that

is
,

where the sediment “sinks” are

and how sediment is resuspended prior to “perma-

nent” burial—is a critical part o
f

understanding

the overall sediment budget in the bay. The impor-

tant regions o
f sediment storage in the main stem

o
f

the bay, including the ETM zone, in stream

channels, and in smaller tributaries are presented

here.

Generally, coarse- grained sediment (sand)

blankets Susquehanna Flats in the northernmost

bay, the flanks o
f

the bay, and much o
f

the southern

bay. Fine- grained sediments (silts and clays) blan-

ket most o
f

the deeper parts o
f

the bay, including

the main channel and the Tangier and Pocomoke

Sound channels. Similar depth-related grain-size

patterns are found in the major tidal tributaries

and reflect the winnowing o
f

fine-grained sedi-

ment fromcoarse- grained material and transport

from shallow to deeper water. The greatest thick-

nesses o
f sediment that have accumulated since the

bay formed consist o
f

fine-grained silts and clays

deposited in the main channel o
f

the bay and chan-

nels in the larger tidal tributaries. However, a
s

shown in figure 3
,

sediment mass accumulation

varies temporally, prior to and since colonization,

and spatially in different regions o
f

the bay system.

In some regions o
f

the modern Chesapeake Bay, n
o

sediment is accumulating and these regions are

undergoing net long-term erosion. Stratigraphic

inconformities recognized in the geophysical and

sedimentary record o
f

the bay provide evidence for

many periods o
f

erosion over the past 8,000 years.

These historical records indicate long-term shifts

from net sediment accumulation to erosion and

vice- versa over periods o
f

hundreds to thousands

o
f

years. These long-term depositional and ero-

sional patterns are caused b
y changes in estuarine

circulation and other factors that are a
s

yet

unknown.

As discussed above, in the main stem bay,

the ETM zone acts a
s a barrier for southward sedi-

ment transport o
f

material introduced into the bay

from the Susquehanna River and thus is a
n impor-

tant site o
f

sediment deposition. Similar sediment

trapping and deposition occurs in the ETM zones

o
f

other tidal tributaries. In the area upstream o
f

the ETM zone, in the tidal fresh zone, the contribu-

tion o
f

sediment fromwatershed sources will b
e

significant. Processes operating in the ETM zone

can maintain areas o
f

high sediment concentra-

tions in the water column before settling. The high

concentrations result in local degradation o
f water

clarity. The location o
f

the ETM zone in each tidal

tributary depends on tributary- specific processes

and will vary seasonally and yearly with freshwa-

ter flow from the watershed. Although the short-

term dynamics o
f

sediment accumulation in the

ETM zone are understood fairly well, long-term

shifts in the position o
f

the ETM zone and the tim-

ing o
f

sediment transport out o
f

the ETM zone are

not well known. Downstream o
f

the ETM zone, a

greater contribution o
f

sediment likely comes from

local shoreline and marsherosion, shallow water

resuspension, and input from the bay.

Significant sediment is deposited and stored

in river channels and floodplains adjacent to the

bay. Most o
f

this stored sediment in these regions

probably is derived from upland erosion during

extensive land clearance during the 18th and 19th

centuries. This “ legacy’ sediment is not completely

understood in terms o
f

the volume o
f

sediment in

storage o
r

what has reached the bay. Although sed-

iment stored in river channels and tributaries will
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ultimately reach the bay (and thus this storage is

temporary), it is likely that this transport will take

years, decades, o
r

even centuries, depending o
n

future land uses and climatological and hydrologi-

cal conditions. Therefore, management actions in

the watershed may improve water- quality condi-

tions in the estuary, but there may b
e substantial

period o
f

time before the results occur.

In summary,sediment accumulation varies

spatially and temporally in response to many fac-

tors. On the basis o
f

current understanding o
f

sedi-

mentary processes in the bay system, there will

likely b
e a “ lag time” o
f

years to decades o
r

longer

between the implementation o
f a watershed best-

management practice, a reduction in sediment

load to the Bay, and ultimate deposition o
f

sedi-

ment in the bay bottom. This conclusion does not

mean that sediment reduction in watershed

regions will not have a positive effect o
n water

quality. On the contrary, land-use changes can

have a rapid effect o
n stream- water quality in the

local area, and management strategies to restore

light conditions in the tidal fresh zone above the

ETM zone will b
e more dependent o
n sediment

reductions from the watershed. What is uncertain,

however, is the effect “downstream” o
f

watershed

management. Additional research into the lag

times between historical land clearance and sedi-

ment loads would improve our understanding o
f

how such future land-use changes will affect

aquatic habitats.
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ABSTRACT

The Chesapeake Bay, the Nation's largest

estuary, has been degraded because o
f

diminished

water quality, loss o
f

habitat, and over- harvesting

o
f

living resources. Consequently, the bay was

listed a
s

a
n impaired water body due to excess

nutrients and sediment. The Chesapeake Bay Pro-

gram (CBP), a multi- jurisdictional partnership,

completed a
n agreement called “Chesapeake 2000”

that revises and establishes new restoration goals

through 2010 in the bay and

it
s watershed. The

goal o
f

this commitment is the removal o
f

the bay

from the list o
f

impaired waterbodies b
y

the year

2010. The CBP is committed to developing sedi-

ment and nutrient allocations for major basins

within the bay watershed and to the process o
f

examining new and innovative management plans

in the estuary itself and along the coastal zones o
f

the bay. However, additional information is

required on the sources, transport, and deposition
o
f

sediment that affect water clarity. Because the

information and data on sediment processes in the

bay were not readily accessible to the CBP o
r

to

state, and local managers, a Sediment Workgroup

(SWGP) was created in 2001.

The primaryobjective o
f

this report, there-

fore, is to provide a review o
f

the literature o
n the

sources, transport, and delivery o
f

sediment in

Chesapeake Bay and

it
s watershed with discussion

o
f

potential implications for various management

alternatives. The authors o
f

the report have

extracted, discussed, and summarized the impor-

tant aspects o
f

sediment and sedimentation that

are most relevant to the CBP and other sediment

related- issues with which resources managers are

involved. This report summarizes the most rele-

vant studies concerning sediment sources, trans-

port and deposition in the watershed and estuary,

sediments and relation to water clarity, and pro-

vides a
n extensive list o
f

references for those want-

ing more information.
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CHAPTER 1
.

INTRODUCTION
b
y Thomas Cronin and Michael Langland

The Chesapeake Bay is one o
f

the largest and

most productive estuarine systems in the world.

The Chesapeake Bay “main stem,” defined b
y

tidal

zones, is approximately 195 m
i

long and 3.5 to

3
5

m
i

wide, and has a surface area o
f

nearly

4,400 mi2. The main stem is entirely within Mary-

land and Virginia. Nearly 5
0 rivers, with thou-

sands o
f

tributary streams and creeks, drain the

approximately 64,000 mi2 forming the Chesapeake

Bay Basin. The basin contains more than

150,000 stream miles in the District o
f

Columbia

and parts o
f

six states: New York, Pennsylvania,

Maryland, Virginia, West Virginia, and Delaware

(fig. 1.1). Nine rivers, including the Susquehanna,

Patuxent, Potomac, Rappahannock, York (consists

o
f

the Mattaponi and Pamunkey), James, Appo-

mattox, and Choptank (fig. 1.1), contribute approx-

imately 9
0 percent o
f

the bay’s mean annual fresh-

water inflow o
f

69,800 ft3/ s ( U
.

S
.

Army Corps o
f

Engineers, 1977). The Susquehanna River, the larg-

est river entering the bay, drains nearly 4
3 percent

o
f

the 64,000- mi2 basin and normally contributes

about 5
0 percent o
f

the freshwater reaching the

bay.

Background

The Chesapeake Bay has been degraded

because o
f

water- quality problems, loss o
f

habitat,

and over- harvesting o
f

living resources. The Ches-

apeake Bay was listed a
s

a
n impaired water body

in 2000 under the Clean Water Act because o
f

excess nutrients and sediment and it must meet

Federal regulatory water-quality standards b
y

2010. The Chesapeake Bay Program (CBP), a multi-

agency partnership, completed Chesapeake 2000,

a new agreement that revises and establishes resto-

ration goals for the next 1
0 years in the bay and

it
s

watershed. In the agreement, improving water

quality is identified a
s

the most critical element in

the overall protection and restoration o
f

the Chesa-

peake Bay and

it
s tributaries. Part o
f

the degrada-

tion in water quality is caused b
y

excess sediment

in the water column and

it
s adverse effects on the

living resources and associated habitat.

During the last 3
0 years, excess sediment has

caused significant reductions in submerged

aquatic vegetation (SAV); covered filter- feeding

benthic organisms, thereby affecting their vitality;

and delivered chemical constituents and patho-

gens associated with sediment to the bay, affecting

fisheries and other living resources. Water clarity

and sediment problems are not unique to the estu-

ary and

it
s tidal tributaries; many stream habitats

in the watershed also are affected b
y

these prob-

lems.

Sediment Workgroup

T
o establish and implement sediment-reduc-

tion measures and to improve water- quality mod-

eling efforts to understand the potential effect o
f

management policies, the CBP required informa-

tion o
n the sources, transport, and deposition o
f

sediment that is affecting water clarity. Because the

knowledge and data o
n sediment processes were

not readily accessible to the CBP o
r

to state and

local managers, a Sediment Workgroup (SWGP)
was created in 2001. The SWGP consists o

f

Federal,

State, and local government scientists and manag-

ers and university researchers with various back-

grounds and expertise relevant to sedimentary

processes.

Since

it
s inception, the SWGP convened

monthly to examine sediment- related issues, to

hear invited speakers from the scientific commu-

nity, to prioritize research needs, and to develop a

set o
f

management implications based o
n the

SWGP findings. In the early stages o
f

the SWGP
efforts, a provisional outline o

f

a summary report

was decided upon and various workgroup mem-

bers were charged with writing chapters o
r

parts o
f

chapters o
n topics o
f

their expertise. Because o
f

the

inherent interdisciplinary nature o
f

sedimentary

processes in the bay and

it
s watershed, expertise in

hydrology, geology, biology, physical oceanogra-

phy, environmental science, meteorology and cli-

matology, among other topics, was required.

Consequently, the meetings among SWGP mem-
bers fostered a unique, though sometimes chal-

lenging, exchange o
f

ideas o
n sedimentation from

a wide variety o
f

perspectives. T
o our knowledge,

such a
n interdisciplinary investigation o
f

sedimen-

tary processes has never before been undertaken

for Chesapeake Bay.

Report Objectives and Scope

The primaryobjective o
f

this report is to pro-

vide a review o
f

the literature o
n the sources, trans-

port, and delivery o
f

sediment in Chesapeake Bay

and

it
s watershed with discussion o
f

the potential

implications formanagement actions. Because the

Chesapeake Bay has been one o
f

the most intensely

studied estuaries over the past 5
0 years, it would
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Figure 1.1. Location o
f

Chesapeake Bay watershed and estuary.
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b
e impossible in a single document to fully review

and critically discuss

a
ll aspects o
f sediment pat-

terns and processes in the region. Therefore, the

authors o
f

the report have extracted, discussed,

and summarized important aspects o
f sediment

and sedimentation that are most relevant to the

CBP and other sediment- related issues with which

resources managers are involved. Many o
f

these

most important aspects are underlined throughout

the report. In producing this document, the SWGP
members drew o

n peer- reviewed published

literature, research in progress, the opinions o
f

invited experts, and certain “grey” literature

reports containing valuable information. The

extensive bibliography in this report serves a
s a

resource for those readers seeking more informa-

tion o
n methodology and results.

The writing and editing process o
f

the final

text involved a large degree o
f

subjectivity in terms

o
f

the scope and treatment o
f each topic. Because

the SWGP was created with the mandate b
y

the

CBP to help provide input to the management

community, the report does not provide a compre-

hensive review o
f

a
ll available literature, and gaps

exist in the coverage o
f

certain topics. Nonetheless,

the report summarizesthose studies most relevant

to concerns about sediment and water clarity and

provides references for those wanting more infor-

mation.

Following the Executive Summary, there are

chapters o
n Watershed Sediment Sources, Trans-

port, and Deposition; Estuarine Sediment Sources,

Transport, Deposition; and Sedimentation, Inte-

grated Approaches to Sediment (sediment budgets

and modeling), and a Bibliography.

Terminology

fo
r

Sediment

and Total Suspended Solids

Sediment is solid material transported and

deposited b
y wind, water, o
r

ice, chemically pre-

cipitated from solution, o
r

secreted b
y organisms.

In estuaries like Chesapeake Bay, sediment consists

largely o
f

water-borne detrital material (pebbles,

sand, mud), including varying amounts o
f

particu-

late organic material. Over time, sediment settles

to the bottom and accumulates to formclastic

rocks (conglomerate, sandstone, shale). However,

most sediment deposited during the past 8,000

years in Chesapeake Bay is still unconsolidated

and those sediments deposited during the last few

centuries still contain more than 50-percent water

content in pore spaces between sedimentary parti-

cles. The organic fraction o
f

sediment collected

from the bottom o
f Chesapeake Bay consists o
f

1
-

3 percent organic material, the rest consists o
f

inorganic mineral material and varying amounts o
f

shell material.

Geologists refer to sediments in terms o
f

grain size, texture, mineralogy, and other charac-

teristics. Throughout this report, a
n important dis-

tinction is made between fine-grained sediment,

which refers to the clay- (less than 1
/

256-mm
diameter) and silt- ( 1

/ 256- to 1/ 16- mmdiameter)

sized fractions, and coarse-grained sediment,

which refers to the sand- ( 1
/

1
6

to 2
- mmdiameter)

and gravel- (2 to 64- mm diameter) sized fractions.

This fine/ coarse distinction is important because

most coarse material is transported along the bot-

tom o
f

rivers and the bay and has little effect o
n

light penetration. In contrast, fine-grained sedi-

ment commonly is found in suspension and vari-

ably blocks light penetration depending o
n

it
s

abundance, grain-size distribution, and degree o
f

aggregation (flocculation).

Hydrologists commonly refer to sediment

using terminology that reflects their interest in the

total amount o
f

suspended material in a water

sample. Total suspended solids (TSS) and sus-

pended sediment concentration (SSC) are two

measurements o
f

the concentration o
f

suspended

solids in a water sample (Gray and others, 2000).

Both measurements usually are given in milli-

gramsper liter. SSC is measured a
s

the dry weight

o
f

total sediment in a sample divided b
y the

amount o
f

water-sediment mixture in the sample.

TSS can b
e measured b
y

several methods. I
t usu-

ally is measured b
y taking a subsample o
f known

volume fromthe original suspended- sediment

sample, drying the sediment, and dividing b
y

the

known volume. Most TSS measurements cited in

this report refer to data obtained with this method.

TSS Variability

Data from CBP monitoring sites and the

published literature show that the relative propor-

tion o
f

inorganic and organic components o
f

TSS

vary seasonally and interannually, due mainly to

variability in freshwater inflow, and vary spatially,

depending on proximity to shoreline, oceanic, and

riverine sources o
f

inorganic sediment. Gallegos

and Moore ( a
s

cited in Batiuk and others, 2000)

used CBP data from 1994 to 1996 to show that

when TSS concentrations are high (greater than

5
0 mg/ L), the organic component o
f

TSS consti-
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tutes a
n average o
f

1
8 percent o
f

TSS; and when

TSS concentrations are low to moderate (less than

5
0 mg/ L), the organic component varies from 0 to

9
0 percent. The organic component o
f

TSS was

dominant (greater than 5
0 percent) only when TSS

concentrations were low (less than 10- 1
5 mg/ L).

Annual variability in TSS in the bay and

it
s

tributaries can b
e illustrated by plotting 1
5 years o
f

monthly TSS data fromtwo CBP stations in the

bay. TSS data from 1985 to 2000 for surface and

deep water a
t

station CB4.4 in the central main

stem bay and for surface (0.5 m)and near-surface

( 2
-

4 m) depths in Pocomoke Sound are shown in

figure 1.2. These data show the following features

o
f

TSS variability:

• On average, surface TSS values are higher

( 1
0

to greater than 5
0 mg/ L
)

a
t

the

Pocomoke Sound EE3.3 site compared to

the main stem CB4.4 site (4 to 1
0 mg/ L).

• Deep- water TSS maximaoccur in winter a
t

the CB4.4 monitoring site, reaching greater

than 8
0 mg/ L during some years, but only

2
0

to 4
0 mg/ L during others.

• Summerdeep-water TSS minima are rela-

tively invariant fromyear to year; these

features are observed in other TSS records

from the central main stem bay.

• Surface (0.5 m)and deep- water (24.5- 3
1 m)

TSS records are not correlated with one

another a
t

the CB4.4 site

• Surface (0.5 m)and near-surface (2 to 4 m)

TSS records a
t

the EE3.3 site generally are

similar to each other.

Spatial and seasonal variability in TSS is

shown in figure 1.3 where CBP data for winter and

spring seasons are mapped for relatively wet

(1993) and dry (1992) years. These maps, prepared

b
y

D
.

Khona (University o
f

Florida and USGS) and

T
.

M. Cronin (USGS), show high winter concentra-

tions o
f

TSS in 1992 near the mouth o
f

the bay,

reflecting ocean- source sediments. High TSS con-

centrations were observed in the northern bay, and

in the larger tributaries, especially during 1993,

reflecting high turbidity in the estuarine turbidity

maximum zones. Such spatial analyses are useful

to identify regions o
f

relatively high TSS ( 2
0

to

greater than 8
0 mg/ L), which, if the organic to

inorganic ratios reported in Batiuk and others

(2000) hold, represent regions where the inorganic

component o
f

TSS is high (greater than 7
0 percent).

The evidence that the major component o
f

TSS is inorganic mineral sediment a
t moderate to

high TSS values, and the fact that TSS is a major

cause o
f

light attenuation, has significant implica-

tions for water quality management in general,

and efforts to improve water clarity in particular.

These facts imply reducing chlorophyll a and the

organic component o
f

TSS through nutrient reduc-

tion will only partially address the causes o
f

diminished water clarity. T
o fully address the issue

o
f

water clarity in Chesapeake Bay, detrital sedi-

ment—that

is
,

“suspended solids” introduced b
y

the influx o
f

mineral clays, silts, and sand- sized

particles into aquatic systems, must also b
e taken

into account. Therefore, most o
f

the current report

focuses o
n processes and patterns o
f

detrital sedi-

ment erosion, deposition, and re-suspension in

Chesapeake Bay,

it
s tidal tributaries, and

it
s water-

shed that influence TSS concentrations and, ulti-

mately, SAV and critical habitats.

In addition to sediment introduced from

external sources, and the volatile organic compo-

nent o
f

TSS, particulate material also is produced

in the water column and o
n the bay bottom

through the biological secretion o
f

hard skeletons

b
y diatoms (siliceous), dinoflagellates ( organic-

walled cysts), and calcareous organisms (foramin-

ifera, ostracodes, mollusks). These “biogenic” com-

ponents o
f

sediment range in size from a few

microns to greater than 1 mm in diameter. The

abundance o
f

biogenic material is influenced

strongly b
y nutrient influx and productivity.

Regardless o
f

their origin, once shell-producing

organisms die, their skeletons behave like other

fine-grained particulate material and settle

through the water column. They either become

incorporated into sediment accumulating o
n the

bay bottom

o
r
,

like inorganic clays and silts,

become subject to resuspension and transport b
y

tides and currents. Thus, biogenic material contrib-

uting to TSS and diminished water clarity also is

discussed.

The degree o
f

suspended particle aggrega-

tion is also important for many aspects o
fsus-pended-

particle dynamics. Studies (Fugate and

Friedrichs, 2002; Sanford and Halka, 1993; Sanford

and others, 2001; Schubel, 1971) have separated

Chesapeake Bay suspended sediment into two

populations: a relatively unaggregated, slowly set-

tling background suspension, and a highly aggre-

gated, rapidly settling population that is main-

tained in the water column b
y

resuspension.

Aggregated particles are considerably larger and
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Figure 1.2. Mean monthly concentrations o
f

total suspended solids (TSS) a
t

two CBP monitoring sites for

shallow (0.5 m), near- surface ( 2
- 4 m), and deep (24.5- 31m) water depth. (Plots show interannual and seasonal

variability in TSS.)
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Figure 1.3. Concentrations o
f

total suspended solids in winter and spring, 1992 and 1993. (Total suspended

solids data fromChesapeake Bay Program, Annapolis, Md., Chesapeake Information Management System.)
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settle faster than their constituent sediment parti-

cles. They are commonly made up o
f a broad dis-

tribution o
f

particle sizes and chemical

compositions, and can b
e strongly influenced by

both biological and physical processes (Hill and

others, 2001; Kranck and others, 1993; Schubel,

1971; Zabawa, 1978). Little is known about aggre-

gation/ disaggregation dynamics in the bay, but it

is known that large aggregates are less efficient a
t

blocking light than small aggregates o
r

unaggre-

gated fine sediment particles (fig. 1.4) (Gardner

and others, 1985; Sanford and others, 2001;

Zaneveld and others, 1979).

A wide variety o
f methods have been used to

study sediments and sedimentary processes in

Chesapeake Bay. These include bathymetric sur-

veys, geophysical surveys o
f accumulated sedi-

ment o
n the bay floor; Light Detection and

Ranging (LIDAR) surveys o
f

shorelines; Acoustic

Doppler Current Profiler (ADCP) surveys; satellite

imagery; sediment core analyses; sedimentary

geochemistry; short-lived radioisotopic analyses o
f

mass accumulation rates; geochemical tracers o
f

sediment source; photogrammetric and carto-

graphic analysis o
f

coasts; mineralogical analysis

o
f

sediment; and analysis o
f

TSS concentration and

composition. Each study had

it
s own objectives,

which in most cases were not directly concerned

with issues o
f

water clarity and SAV health. The

reader is urged to consult the original literature for

details o
f methodologies and conclusions.

TSS, Light, and SAV

The amount o
f

light reaching SAV in shallow

waters o
f

Chesapeake Bay is influenced b
y many

factors. The most important properties in the water

column are water color, and concentrations o
f

TSS

and chlorophyll a
.

Water column TSS consists o
f

organic material, referred to a
s

total volatile sus-

pended solids (TVSS) and inorganic ‘ mineral’ mat-

ter. Because TVSS consists o
f

organic components

o
f

water (phytoplankton, heterotrophic plankton,

bacteria, and particulate organic material),

it
s rela-

tive contribution to TSS is related to nutrient con-

centrations and algal abundance. The inorganic

mineral component o
f

TSS generally consists o
f

fine-grained silts and clays and the abundance o
f

mineral sediment is related to various physical

processes such a
s river discharge, tidal and wave

erosion, estuarine circulation, and currents, a
s well

a
s

geology, geomorphology, land-use, and other

factors.

Figure 1.4. Photograph o
f

suspended fine sediment flocs from a site in upper

Chesapeake Bay during October 2002. The image was obtained with a particle-

imaging system consisting o
f

a low-light video camera and a collimated light beam.

The width o
f

the image is approximately 1 centimeter and the depth o
f

field is

approximately 1 centimeter. Flocs and particles smaller than 0.003 centimeter

( 3
0 microns) are not resolved (photo credit, Larry Sanford, University o
f

Maryland,

Center

f
o
r

Environmental Science, 2003).
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The organic and inorganic components o
f

TSS vary in their relative proportion spatially and

temporally in complex and only partially under-

stood ways. In general, a
t

typical measured levels

o
f TSS ( lessthan 5
0 mg/ L),more than 5
0 percent

(usually 6
0

to greater than 9
0 percent) o
f

the TSS

loading consists o
f

inorganic material; a
t

relatively

high TSS concentrations, TVSS approaches a
n

average o
f

about 1
8 percent o
f

the TSS. Only a
t

rel-

atively low TSS values (less than 10- 1
5 mg/ L
)

does

TVSS consist o
f

more than 5
0 percent o
f

the TSS.

These patterns suggest that the inorganic fraction

o
f

TSS, i. e
., fine-grained sediment ultimately

derived from riverine, shoreline, and oceanic

sources, and reintroduced into the water column

through resuspension o
f

bottom sediment, plays a

major role in light attenuation.

In addition to TSS and chlorophyll a in the

water column, epiphytes and other organic and

inorganic material accumulated o
n the SAV leaf

surfaces decrease the amount o
f

light penetration

necessary for photosynthesis. Because epiphyte

abundance o
n SAV is itself influenced b
y

nutrient

loading and algal abundance, and the amount o
f

inorganic material settling o
n

leaf surfaces is influ-

enced by mineral sediment in the water column,

light- attenuation b
y material settling o
n SAV sur-

faces is related closely to processes in the water

column.

In summary, the literature o
n TSS, light, and

SAV relations indicates complex physical and bio-

logical processes governing inorganic and organic

sediment production, transport, and deposition.

The physical processes that govern the introduc-

tion, transport, re-suspension, and deposition o
f

inorganic sediment are distinct from biological

production o
f

particulate material driven b
y

nutri-

ent concentrations and primaryproduction. How-

ever, these processes are related to one another

such that efforts b
y water-resource managers to

reduce nutrient loadings might also help to

improve water clarity b
y affecting the levels o
f

par-

ticulate material in the water column and algal epi-

phyte growth o
n SAV. Futureresearch programs

and management strategies to control chlorophyll

a and nutrient loadings could b
e coordinated with

efforts aimed a
t

reducing the concentration o
f

mineral sediment and thus take into account the

cumulative impacts o
f

organic and inorganic mate-

rial on light attenuation.
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CHAPTER 2
.

WATERSHED SEDIMENT

SOURCES

b
y

Allen Gellis,
1

Sean Smith,
2

and Steven Stewart3

Watershed sediment sources can b
e sepa-

rated into sediment originating in upland regions,

sediment fromurban areas, and sediment eroded

from channel corridors. In this section, these sub-

jects are briefly discussed, although it should b
e

emphasized that the processes controlling sedi-

ment flux in the watershed are strongly interre-

lated. Additional discussion o
f

sediment sources

and transport is given in Chapter 7 in the context

o
f

developing quantitative sediment budgets.

Upland Sediment Sources

Upland sediment refers to material eroded

from hillslope surface areas adjacent to stream cor-

ridors. Upland regions include forests, rangeland,

agriculture (cropland and pasture), rural, and

urban areas. Land- surface characteristics strongly

influence the sediment flux from a particular

watershed region, and thus it is important to

briefly discuss sediment removal fromupland sur-

faces.

Soil from land surfaces is eroded through

detachment o
f

material b
y either water (raindrop

impact and runoff) o
r

wind (eolian). Soil erosion

b
y water is the dominant transport mechanism

from upland sources and commonly is expressed

quantitatively and incorporated into a sediment

budget (Leopold and others, 1966; Dietrich and

Dunne, 1978; Swanson and others, 1982; Gellis and

others, 2001). Sediment removed and transported

from upland sources typically is reported a
s a yield

over time (tons per square mile per year o
r

square

kilometers per year).

In a classic paper o
n sediment derived from

land surfaces, Wolman and Shick (1967) discussed

post-colonial land- use change in the northeastern

United States and

it
s effect o
n sediment yield

(fig. 2.1). Wolman and Shick proposed that in the

late 1800s, when forestland was converted to agri-

culture, sediment yields increased from

100 tons mi-
2

( 3
5 metric tons km- 2
)

to 600 tons mi-2

(210 metric tons km-

2
)
.

During the 1960s, many

ruralareas near cities became urbanized resulting

in another increase in sediment from construction

activity when sediment yields exceeded

2,000 tons mi-2 (35,000 metric tons km-

2
)
.

Several other studies provide estimates o
f

sediment yields fromland surfaces in the Chesa-

peake Bay watershed region. Guy and Ferguson

(1962) reported yields o
f

25,000 to 50,000 tons

m
i- 2

(8,750 to 17,500 metric tons km- 2
)

from construc-

tion areas near Washington D
.

C
.

Roberts and

Pierce (1976) proposed that the Patuxent River

more than doubled

it
s sediment yieldafter

urbanization (983 tons mi- 2
;

344 metric tons km-2

compared to pre-urbanization values o
f

408 tons

m
i-

2
;

143 metric tons km-

2
)
.

In a detailed

study o
f

the Western Run Basin ( 6
0 mi2) north o
f

Baltimore, Costa (1975) estimated that land clear-

ing foragriculture caused 3
4 percent o
f

eroded

sediment to b
e transported through the basin and

6
6 percent was retained in storage. Of the

6
6 percent o
f

sediment in storage, 2
1 percent was

deposited o
n floodplains and 7
9 percent was

retained o
n hillslopes a
s colluvium and sheetwash

deposits. Costa found that channels initially

responded to the increased sediment load b
y

aggrading. As sediment loads decreased a
s a result

o
f

decreasing agricultural practices and soil con-

servation, stream channels began to incise and

scour o
f

stream channels became a
n important

source o
f

sediment.

Brown and others (1988) used 10Be ( a
n iso-

tope o
f

beryllium) to estimate the erosion in

4
8 basins o
f

the eastern United States, including

1
0 basins that drain to the Chesapeake Bay. 10Be is

a cosmogenic isotope produced in the atmosphere

and deposited o
n the earth’s surface during precip-

itation. Interpretations o
f

basinwide erosion were

based o
n

a
n erosion index defined a
s

the ratio o
f

the amount o
f

10Be leaving a basin to the amount

deposited o
n

it
. The highest rates o
f

erosion were

observed in the Piedmont streams, and the lowest

rates were observed in Coastal Plain streams, due

to differences in land use and stream gradients.

The Piedmont has had two centuries o
f

farming

that disturbed the topsoil and led to high erosion

o
f

sediment with higher concentrations o
f

10Be.

Annual pre-colonization sediment yields for the

Piedmont were estimated to b
e 34.3 tons mi-2

( 1
2 metric tons km-

2
)
,

a value that closely matches

values from modern undisturbed basin sediment

yields (Brown and others, 1988).

1

U
.

S
.

Geological Survey.

2
Maryland Department o

f

Natural Resources.

3
Baltimore County Department o
f

Environmental

Protection and Resource Management.
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Coal-mining activities also can contribute

fine particles to fluvial systems and thus can

increase natural sediment yields 3
0

to 4
0 times

above background levels (Biesecker and others,

1968). Since 1907, coal separation b
y wet methods

carried fine waste to the nearest rivers, contribut-

ing between 1
2 and 1
8 percent o
f

the total fine sed-

iment load (Biesecker and others, 1968).

Reed and Hainly (1989) compared the effects

o
f

coal mining o
n sediment yield in mined and

unmined areas o
f Pennsylvania between 1978 and

1982. Sediment yields in a
n unmined basin domi-

nated byagriculture were 0.48 ton acre-
1

(1.1 met-

r
ic tons hectare- 1
)

but only 0.0036 ton acre-
1

(0.0081 metric ton hectare- 1
)

in a forested basin.

A mined area had a sediment yield o
f

5.5 tons

acre-
1

(12.3 metric tons hectare-

1
)
.

Installation o
f

a

sediment- retention pond below the mined area

reduced the sediment yield to 0.14 ton acre-
1

(0.31 metric ton hectare-

1
)
.

In two other mined

areas, sediment yield below sediment- retention

ponds was 0.19 and 0.30 ton acre- 1
,

respectively

(0.42 and 0.67 metric ton hectare-

1
)
.

Reclamation o
f

vegetation o
n the two mined sites reduced sedi-

ment yield to 0.037 ton acre- 1
(0.083 metric ton

hectare- 1
)

and 1.0 ton acre-
1

(2.24 metric tons

hectare-

1
)
.

Since the 1960s, sediment discharge has

been decreasing in many rivers in Pennsylvania

because o
f

decreased mine activity and stricter reg-

ulations (Williams and Reed, 1972).

In a study o
f

sediment yields for the Susque-

hanna River Basin, Williams and Reed (1972) noted

that the range in sediment yields was related to

topography (slope), geology, glacial history, and

land use. Soils derived from sandstones in the

Appalachian Plateau Physiographic Province, with

it
s extensive forest cover, had low sediment yields.

In mined areas o
f

the Appalachian Plateau, sedi-

ment yields were surprisingly low. Internal drain-

age and depressions left from mining were cited a
s

the causes for this low sediment yield. In mined

areas o
f

the Valley and Ridge Physiographic Prov-

ince, sediment yields were high compared to

unmined areas o
f

the Valley and Ridge. The lowest

sediment yields were in the sections o
f

the Valley

and Ridge Physiographic Province that are under-

lain b
y

limestone. Internal drainage, presumably o
f

karst systems, was cited a
s the cause for the low

sediment yields in the limestone terrain.

Langland and others (1995) used suspended-

sediment data for rivers draining the Chesapeake

Bay watershed to examine the influence o
f

land

cover o
n TSS and SSC. They found that the largest

median SSC was in the Upper Potomac River

Basin, and the maximum SSC was in the Susque-

hanna River Basin. Correlations o
f

annual sedi-

ment yields computed with a log-linear multiple-

regression model to land use indicated that basins

with the highest percentage o
f

agriculture had the

highest sediment yields and basins with the high-

est percentage o
f

forest cover had the lowest sedi-

ment yields.

For the York River system, a series o
f

sedi-

ment budgets for 1
1 nested sub-watersheds rang-

ing in size from 6
5

to 6,900 km2 were compared to

examine distribution o
f

sediment load a
s

a func-

Figure 2.1. Land- use history and sediment yield from the Potomac River Basin in the northeastern United

States, fromthe late 1700s to the 1960s, projected to approximately 2000 (from Wolman and Shick, 1967).
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tion o
f

watershed size (Herman, 2001). The study

showed that in low-relief Coastal Plain water-

sheds, sediment budgets are influenced more b
y

the characteristics o
f

the river system than b
y sub-

watershed size. Upland erosion was the major

source o
f

sediment in the Pamunkey River; bank

erosion was the major source in the Mattaponi

River. Upland storage was the major sink for both

tributaries. This study also showed that little sedi-

ment fromthe upper watershed reached the estu-

ary, and a
t

the river mouth, the net movement o
f

sediment is from the bay into the estuary.

In summary,sediment yield from upland

regions o
f

the bay watershed vary greatly because

o
f

the differences in land- use characteristics, geo-

morphology, and climatology o
f

the region.

Urban Sediment Sources

Urban sediment sources change during the

course o
f

urbanization. Initial sediment sources are

associated with land-surface disturbance activities

from construction. After development sites have

been stabilized, the mass o
f

sediment delivered to

the stream system is reduced. Sediment wash- off

from post- development commonly is less than the

pre-development condition. The sediment from

impervious urban areas is associated with dry and

wet atmospheric deposition, deterioration o
f

road

and built surfaces; and deterioration o
f

vehicles

and other human artifacts. Sediment also may b
e

produced frompervious surfaces depending o
n

how effectively the pervious surfaces are main-

tained. The construction process results in the

installation o
f

impervious surfaces and the com-

paction o
f

pervious soils byheavy equipment.

Both these processes result in increased runoff with

the potential for increased streambed and channel-

bank erosion.

Construction- site runoff is the largest con-

tributor o
f

sediment in developing urban areas

( U
.

S
.

Environmental Protection Agency, 1993). Esti-

mates o
f

uncontrolled construction- site sediment

loadings range from 7.2 to 1,000 (tons acre- 1
)

year- 1
.

A summary o
f

a range o
f

studies in USEPA (1993)

is shown in table 2.1. Sediment controls are esti-

mated to b
e approximately 6
0

to 7
0 percent effec-

tive in trapping sediment from construction sites;

erosion controls were 8
0

to 9
0 percent effective

(Caraco, 1995). However, sediment traps are more

effective a
t

removing coarse- grained particles than

fine-grained particles. Schueler and Lugbill (1990)

found that particle-size distribution became finer

in a comparison o
f

inflow particle size to outflow

particle size. This would indicate that although

much o
f

the sediment from a construction site can

b
e trapped on-site through best-management prac-

tices, the sediment that is released will b
e finer

grained.

Stabilization after construction and the even-

tual coverage o
f

pervious surfaces with imper-

vious material result in a decrease in sediment

delivered fromthe watershed to the stream sys-

tem. The installation o
f

stormwater best-manage-

ment practices results in trapping o
f

sediment

particles before delivery to the stream system.

A number o
f

studies have looked a
t

the rela-

tion between urban land uses and sediment.

Dreher and Price (1995) reported the relation

between land use and sediment delivery in pounds

per inch o
f

rain in Illinois. Their results are pre-

sented in table 2.2 with a
n extrapolation to 4
0

in
.

o
f

rain, which is the long-term annual mean forcen-

tral Maryland. They calculated a
n enrichment ratio

b
y comparing the extrapolated sediment load for

each land use to the sediment load for the wood-

land/ wetland land-use category. As can b
e seen

from table 2.2, land-use categories with high levels

o
f

impervious area (industrial, commercial, high-

ways, and high-density residential) had the high-

est sediment loadings and consequently the

highest enrichment ratios. However, their study

did not determine whether the source o
f

the sedi-

ments was fromwatershed wash-

o
ff from impervi-

ous surfaces, watershed erosion o
f

pervious

surfaces, o
r stream channel erosion.

Watershed management plans have been

prepared for a number o
f

watersheds in Baltimore

County, Md. The results from the Storm Water

Management Module (SWMM) pollutant load

model for two o
f

the studies (Loch Raven Water-

shed and Patapsco RiverWatershed) are presented

in table 2.3. The sediment pollutant loads are

higher for land uses with higher impervious area

coverage.

Table 2.1. Construction- site sediment loadings

(from USEPA, 1993)

Sediment loading

( tons per acre per year)
Reference

35.6 to 1,000 York County Soil and Water

Conservation District, 1990

30 Franklin County, FL, date unavailable

30 to 200 Wisconsin Legislative Council, 1991

35 to 4
5 MWCOG, 1987

50

to

100 Washington Department o
f

Ecology, 1989
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Using the SWMM, the Baltimore County Lit-

tl
e Gunpowder FallsWater Quality Management

Plan provided a
n estimate o
f

the amount o
f

sedi-

ment attributable to washoff from the watershed

and the amount attributable to stream channel ero-

sion. For the watershed a
s a whole approximately

two-thirds o
f

the sediment load was the result o
f

channel erosion and not watershed sediment con-

tribution. This is consistent with the findings o
f

Trimble (1997), where stream-channel measure-

ments from1983 to 1993 in San Diego Creek indi-

cated that two- thirds o
f

the sediment yieldwas the

result o
f

channel erosion.

During urbanization, streams undergo three

stages—a
n

initial aggradation phase where sedi-

ment fromconstruction activities results in sedi-

ment deposition in the stream channel; a
n early

erosion phase where fine sediments gradually are

removed, exposing gravel and cobble and the

channel cross section increases; and a late erosion

phase where the channel down cuts and widens

along

it
s entire reach. Miller and others (2000) mea-

sured channel change for historical cross sections

in Watts Branch, in the Piedmont Province o
f

Montgomery County, Md. Their studies showed

that between 1972 and 1993, the streambed

aggraded because o
f

the deposition o
f

sediment

from construction. This was accompanied b
y chan-

nel widening and a
n increase in cross-sectional

area between 1993 and 1999. Hammer ( 1972) exam-

ined the changes caused b
y urbanization in the

Piedmont o
f

southeastern Pennsylvania and found

that a
n increase in discharge is accompanied b
y

stream channel widening that takes place over a 1
0

to 20-year period. Robinson (1976) studied streams

in the Piedmont o
f

Maryland and concluded that

urbanization increased channel area approxi-

mately two timesand width/ depth ratios 1.7 times

those o
f

rural channels. He postulates that it takes

a
t

least 1
5 years for a stream to reach a new equilib-

rium form following development.

Effective land-use planning and sediment

control can help reduce the impacts o
f

the aggrada-

tion phase on the streams. Stormwater manage-

ment with peak and volume control, preferably

near the source, will help reduce the impacts o
f

the

Table 2.2. Post-development urban watershed sediment sources (Dreher and Price, 1995)

Land- use category

Sediment delivery

Pounds per inch

o
f

rain

Pounds per

40 inches o
f

rain

Enrichment

ratio

Milligrams

per liter

Industrial 16.18 647.3 28.53 120

Commercial/ institutional 14.52 580.6 25.59 8
0

Low- density residential 4.53 181.1 7.98 100

High- density residential 8.17 326.8 14.40 9
0

Vacant 1.36 54.4 2.40 6
0

Open land/ urban park 1.14 45.4 2.00 5
0

Highway/ arterial road 10.90 436.0 19.22 8
0

Agriculture 3.40 136.1 6.00 150

Woodland/ wetland .57 22.69 1.00 5
0

Railroad 3.68 147.3 6.49 8
0

Table 2.3. Baltimore County Storm Water Management Module (SWMM) pollutant load results

Land- use category

Sediment loads

Loch Raven

Study

Enrichment

ratio

Patapsco River

Study

Enrichment

ratio

Commercial/ industrial 446.3 9.25 718.8 10.58

Low- density residential 158.1 3.28 155.1 2.28

Medium-density residential 213.3 4.43 285.9 4.20

High- density residential 279.3 5.82 410.9 6.04

Open land/ urban park 140.3 2.91 135.6 1.99

Crop land 366.4 7.60 361.6 5.32

Pasture 243.8 5.06 306.9 4.51

Forest 48.2 1.00 68.0 1.00
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erosion phase. Beyond these measures, effective

buffer creation and management and stream resto-

ration also are available tools for stream protection

and improvement.

Channel Corridor Sources

The channel corridor refers to the channel

bed, banks, and floodplain areas o
f

a stream. In

ecological terminology, the channel corridor is

called the riparian zone. Streambank erosion

occurs in channel corridors through the direct

removal o
f

banks and beds by flowing water, typi-

cally during periods o
f

high flow. The meandering

(side to side) movement o
f

a stream is a natural

process whereby streams adjust their channel

shape in response to flows over long periods o
f

time. Geomorphologists commonly use the term

“equilibrium” to characterize the size and shape o
f

a stable channel and the amount o
f

sediment “nat-

urally” generated within a basin. Lane (1955) sug-

gested that the energy o
f

a stream is a function o
f

the speed and volume o
f

water, and this energy

must b
e

in balance with the size and volume o
f

sediment transported b
y

the stream. Anthropo-

genic land disturbance (clearing o
f

land, urbaniza-

tion, channelization) severely alters this natural

equilibrium. In practical terms, this means that if

either the volume (increased runoff) o
r

velocity

(steeper slopes) o
f water increases, the increase in

stream energy will increase the sediment- carrying

capacity o
f

the stream. The usual source for this

additional sediment from increased stream energy

comes fromthe stream channel (bed and banks),

which undergo erosion.

After the equilibrium o
f

a stream is dis-

rupted, a series o
f

events take place that are

described b
y

the Channel Evolution Model

(Simon, 1989). In this model, disruption causes the

channel to cut deeper and increases water storage,

which in turn increases stream velocity. This

increase in velocity results in streambank erosion, a

widened stream channel, and the development o
f

new floodplain a
t

a lower elevation in the stream

channel. After the process o
f

downcutting has

begun, it will continue to downcut upstream until

a grade control (bedrock, culvert) is reached o
r

until the stream once again reaches equilibrium.

Despite the development o
f

explanations for

the form and adjustment o
f

stream channels in the

Chesapeake Bay watershed, relatively little site-

specific information o
n stream adjustment and

it
s

relation to bank erosion and sediment flux is avail-

able. Even less data are available o
n the quantifica-

tion o
f

sediment loss and particle-size transport a
s

a result o
f

bank erosion. However, available stud-

ies indicate a wide range in erosion rates, from a

few inches per year in a “naturally” stable stream

to a
s much a
s 5 f
t per year in areas o
f

the Piedmont.

For example, in urbanized watersheds in the Pied-

mont areas o
f

Pennsylvania, streambank erosion

can exceed sediment accumulation and bank

rebuilding, resulting in the enlargement o
f

the

channel (Hammer, 1972). However, Leopold (1973)

observed a decrease in channel cross-sectional area

in the Piedmont o
f

Maryland during a period o
f

intense development in the watershed. This

is
,

per-

haps, a
n indication o
f

sediment accretion. Pizzuto

and others (2000) more recently observed that

urbanized channels were approximately 2
6 percent

larger in cross-section area than rural channels in

the Piedmont o
f

Pennsylvania.

Although the contribution o
f

sediment from

streambank erosion may b
e a significant sediment

source in many streams in the watershed, the per-

centage o
f

“unstable” streambanks in the bay

watershed is not known. Several promising lines o
f

research may address this lack o
f

information. For

example, measurement o
f

cosmogenic isotopes can

provide estimates o
f

bank sediment in terms o
f

it
s

percentage contribution to load o
f

total sediment.

Modeling studies also have potential to determine

bank erosion and sediment transport derived from

sediment particle-size data fromthe bank and

floodplain. In one such study, the USCOE analyzed

floodplain sediments from previously sampled

and flow-gaged USGS sites in the Susquehanna

River Basin and found that most o
f

the bank mate-

rial in the lower Piedmont areas is composed o
f

fine sands and silts that can b
e easily eroded and

transported a
s suspended material (Megan Jones,

U
.

S
.

ArmyCorps o
f

Engineers, oral commun.,

2003).

The diversity o
f

topographic and geologic

conditions within the watershed and the complex-

ity o
f

hydraulic conditions in natural channels

commonly limit the use and applicability o
f

infor-

mation from site-specific study areas for broader

watershed- wide applications. As a result, model-

ing the effect o
f

channel adjustments on sediment

supply to channels has limitedpredictive value. In

summary,quantitative estimates o
f how stream

restoration and other best-management practices

influence streambank erosion and resulting sedi-

ment delivery to the tidal estuaries and the main
stem bay remain imprecise.
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CHAPTER 3
.

WATERSHED SEDIMENT

TRANSPORT
b
y Sean Smith,

1
Michael Langland,

2

and Robert Edwards3

This chapter provides a
n overview o
f

the

physical processes associated with stream- channel

adjustment in the Chesapeake Bay watershed, and

the relation between the processes o
f

adjustment

and sediment flux. A brief explanation o
f

differ-

ences in channel appearance and behavior within

the watershed are discussed to provide perspective

o
n the conditions that are capable o
f

generating

changes in the rates and magnitudes o
f sediment

movement to the Chesapeake Bay.

Channel Hydraulics and Sediment Transport

The Chesapeake Bay watershed contains a

variety o
f landscapes including steeply sloped

mountains o
f

the Appalachian, Valley and Ridge,

and Blue Ridge Physiographic Provinces, dissected

landscapes o
f

the Piedmont and western Coastal

Plain Physiographic Provinces, and flat areas o
n

the Delmarva Peninsula (Langland and others,

1995). Stream channels have different characteris-

tics in each o
f

these regions that reflect the influ-

ence o
f

the long-term geologic processes that

created the dominant topographic and sedimen-

tary environments. The appearance, stability, and

modes o
f

channel adjustment differ in each o
f

the

physiographic settings. Consequently, responses to

changes in land use vary across the Chesapeake

Bay watershed, resulting in different changes in

the flux o
f

sediment through channel networks.

The inconsistency in channel adjustment and

related sediment- transport dynamics requires that

the approaches used for stream-stabilization

projects related to sediment management b
e partly

customized to address specific hydraulic and geo-

morphological conditions.

Channel Morphology and Hydraulics

Stream and river channels are landform ele-

ments that have their dimensions and patterns

governed b
y water flow and sediment supply.

A stream reach can b
e described using three differ-

ent perspectives—cross section, longitudinal view,

and planform views. Different dimensional mea-

surements are associated with each perspective.

The channel “cross section” dimension gov-

erns the width and depth o
f

the flow area, which

affects flow velocities. Collectively, the width,

depth, and flow velocity comprise the hydraulic

geometry o
f

the channel, which has a direct rela-

tion to sediment transport. Several attempts have

been made in the bay watershed and similarset-

tings in the mid-Atlantic to characterize the rela-

tions between stream channel cross-sectional

dimensions and flow characteristics using the

hydraulic geometry framework initially proposed

b
y Leopold and Maddock (1953). These have

included the investigation o
f

Kolberg and Howard

(1995) o
n the hydraulic geometry o
f Piedmont

channels, the analysis o
f

the factors affecting

downstream changes in cross-sectional morphol-

ogy in the Valley and Ridge Physiographic Prov-

ince o
f

central Pennsylvania byPizzuto (1992), a

survey o
f

Maryland Piedmont and Coastal Plain

channels b
y

Prestegaard and others (2000), and the

survey o
f

bankfull discharge and channel charac-

teristics in the Piedmont in Maryland b
y McCand-

less and Everett (2002). Although the flow-

conveyance characteristics o
f

streams are depen-

dent partly o
n the sediment concentrations and

supply, only the approach used b
y Pizzuto directly

considered sediment discharge a
s

a
n independent

variable. This limits the utility o
f

the other investi-

gations because trends associated with down-

stream changes in channel conditions cannot b
e

fully explained without sediment information.

The “ longitudinal” profile also governs flow

cross-sectional area and velocity through
it
s rela-

tion to the energy gradient, which is approximated

b
y

the slope o
f

the water surface in the down-

stream direction. Within a channel reach, the slope

governs the force and power o
f

the water flow,

which determines the capability to transport sedi-

ment. A
t

the scale o
f

a
n entire drainage network,

profiles usually are sloped moresteeply in head-

water areas than a
t

basin outlets. Geomorphic

analysis o
f

longitudinal profile characteristics o
f

streams in the Valley and Ridge, Blue Ridge, Pied-

mont, and Coastal Plain Physiographic Provinces

in the Chesapeake Bay watershed has been

attempted (Hack, 1957). However, systematic

trends between the downstream progression o
f

the

profile and channel bottom sediment characteris-

tics are difficult to resolve in many river networks

because o
f

localized changes in geology.

1
Maryland Department o

f

Natural Resources.

2

U
.

S
.

Geological Survey.

3
Susquehanna River Basin Commission.
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Natural stream and river channels that are

formed b
y water flow and sediment deposition are

composed o
f

a
n active channel (bankfull flow) and

a
n adjacent floodplain (flood flow) (fig. 3.1). The

primary flow regimes in streams and rivers can b
e

partitioned into:

• base flows that originate a
s slow releases

o
f

ground water o
r

surface water from

ponds in the absence o
f

precipitation and

have little capacity to transport sediment;

• bankfull flows that fill channels up to the

tops o
f

their banks, (these flows have been

found to b
e important determinants o
f

the

channel dimensions because they can b
e

the most “effective” conveyors o
f

sediment

over extended time periods (Wolman and

Miller, 1960; Leopold and others, 1964;

Dunne and Leopold, 1978)); and

• flood flows that over top streambanks.

(These flows affect channel stability

through dramatic erosion and sediment

transport in brief periods o
f

time (Baker

and others, 1988; Grover, 1937; Smith,

1997; Smith and others, 1999). The flood o
f

January 1996 provided a
n example o
f

the

role o
f

floods in sediment movement into

the bay, transporting approximately

1
7 times the amount o
f sediment normally

delivered to the Chesapeake Bay in the

same month (Zynjuk and Majedi, 1996)).

Channel- Shaping Processes and Sediment Flux

Two questions related to stream channels

and sediment remain difficult to answer in the

Chesapeake Bay watershed:

• When can a stream channel b
e considered

stable?

• What discharges have the greatest influ-

ence on the channel form?

The term “equilibrium,” more accurately

stated a
s “steady- state equilibrium,” commonly is

used to describe the condition under which the

average shape and dimensions o
f

a stream are

maintained over a period o
f

time, such a
s

several

decades o
r

a century (Schumm, 1977). Channel

changes can occur within a stream in equilibrium

in response to changes in sediment supply, but

they are localized in a reach and last for relatively

short periods o
f

time. Short- term widening and

contraction o
f

channels in response to erosion and

deposition o
f

sediment during floods are examples
o
f

this variability, a
s observed b
y Costa (1974) in

the Piedmont following Hurricane Agnes in 1972.

Wolman and Gerson (1978) also described changes

in the channel width following flooding in Bais-

man Run and the Patuxent River in Maryland.

The perpetuation o
f

a
n equilibrium channel

condition requires consistent watershed conditions

(Carling, 1988). Watershed changes that alter the

frequency and magnitude o
f

water and sediment

discharges make it difficult to maintain consistent

channel conditions over time (Werrity, 1997). Virtu-

ally

a
ll the watersheds draining to the Chesapeake

Figure 3.1. Flow regimesaffecting stream- channel and floodplain corridors (Modified from Smith

and others, 2000).
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Bay have experienced numerous changes in land

use over the past century. As a result, few, if any,

stream networks have experienced steady- state

equilibrium conditions since European coloniza-

tion.

The shape and dimension o
f

a stream chan-

nel is influenced collectively by the frequency,

magnitude, and velocity o
f

the flows passing

through the channel, the type and amount o
f

sedi-

ment supplied to the channel, and the structural

characteristics o
f

the stream channel bed and

banks. In the absence o
f

structural controls, the

capacity o
f

the reach to convey supplied sediment

is a
n important factor affecting channel shape and

dimension. Channel reaches in the bay watershed

that have received excessive sediment loads from

agricultural fields o
r urban construction activities

may not b
e capable o
f

transporting

a
ll the supplied

materials. This can result in the temporary build

up o
f sediments and braided conditions with mul-

tiple bars and channels. Conversely, many chan-

nels that have received increases in flow without

simultaneous increases in sediment supply have

degraded because o
f

a net export o
f

sediment.

“Bankfull discharge,” ”dominant discharge,”

and “effective discharge” are terms used byengi-

neers and geomorphologists to describe the flows

that have the greatest influence on the channel

dimension. Each has a direct o
r

indirect relation to

the frequency and magnitude o
f

sediment trans-

port. The concept o
f

relating a single discharge to

a
n optimized condition o
f sediment flux and chan-

nel stability has become a popular focus for the

design o
f

stream- channel restoration projects in the

Chesapeake Bay watershed. Procedures for calcu-

lating effective sediment discharge have been pub-

lished b
y

the USCOE; however, the over-

simplification o
f

the relation between sediment

discharge and channel dimensions to a single dis-

charge limits applicability with broad- scale use in

the development o
f

channel designs (Biedenharn

and others, 2000).

The patterns o
f channel migration across a

valley also relate to sediment flux through a reach.

In naturally meandering channels, bank erosion o
n

the outside o
f ameander bend can b
e compensated

b
y

the accumulation o
f

deposited sediment (bank

rebuilding) o
n the inside o
f

the bend. I
f the rates o
f

erosion and accumulation are similar, the channel

will change

it
s position but maintain

it
s cross-sec-

tional dimension. This condition is sometimes

termed “dynamic equilibrium”because it is a form

o
f

stability. However, increased flows and

decreased sediment loads disturb this equilibrium.

Areas o
n the inside o
f

a bend that normally

aggrade with sediment can experience net erosion,

thereby resulting in a
n apparent straightening o
f

the channel centerline and a
n increase in the chan-

nel width and average depth. The effect o
f

channel

straightening caused b
y

increases in flows and

decreased sediment supplies can b
e observed in

many urbanized areas such a
s

the Washington,

D
.

C., and Baltimore metropolitan areas. Channels

in urbanized Piedmont settings in Pennsylvania

have been characterized b
y lower sinuosity than

those in rural areas (Pizzuto and others, 2000).

The process through which streams become

straightened often is related to channel widening.

In unprotected urbanized watersheds, increased

streambank erosion can exceed sediment accumu-

lation and bank rebuilding, resulting in the

enlargement o
f

the channel. These trends were

documented b
y a survey o
f

channels in urbanizing

watersheds in Piedmont areas o
f

Pennsylvania

(Hammer, 1972). However, a decrease in channel

cross-sectional area was observed b
y Leopold

(1973) in the Piedmont o
f

Maryland during a

period o
f

intense development in the watershed.

Wolman and Shick (1967) previously had devel-

oped a model o
f

stream response to land-use

changes that characterized changing sediment flux

and associated channel adjustment in Piedmont

channels near Baltimore. The changes identified

included stable conditions under fully forested

watershed conditions, aggradation in response to

forest clearing for agriculture, degradation o
f

chan-

nels a
s agricultural land goes fallow, pronounced

aggradation during urban construction, and

removal o
f

accumulated sediment following the

termination o
f

construction a
s channels adjust to

the reduced sediment supply and urban storm

flows.

Progressive channel incision is another

mode o
f

adjustment that commonly occurs in stre-

ambeds composed o
f

easily erodible materials.

Channels cut downward when the export o
f

sedi-

ment from a reach exceeds the sediments imported

into a reach (fig. 3.2). This condition creates a loca-

tion o
f high sediment supply froma localized

stream reach that persists until the gradient o
f

the

channel is reduced to a level that no longer pro-

motes a net erosion o
f

materials. Incision processes

commonly involve the upstream progression o
f

a

headcut. Wolman (1987) has described such pro-

cesses and their relations to sediment flux in a
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second- order stream channel in the Piedmont

Physiographic Province o
f

Maryland. Observa-

tions included the movement o
f

a headcut approx-

imately 1
8 m upstream over 3 years, episodic

movements o
f

gravels, and the transport o
f

the

majority o
f

suspended sediments in episodic high-

flow events during the monitoring period.

First- and second- order channels in the

Western Shore o
f

the Coastal Plain are particularly

prone to downcutting because they are steep

enough to generate erosive flows and are com-

posed o
f

highly erodible materials, such a
s uncon-

solidated sand. These headwater channels receive

limitedsediment contributions to compensate for

channel erosion, which promotes vertical down-

cutting. This is particularly characteristic o
f

urban-

ized watersheds. Unfortunately, the contribution o
f

sediment fromerosion in the headwaters o
f

the

Coastal Plain and Piedmont to sediment loading in

the Chesapeake Bay has not b
e quantified for any

time scale. A complication in developing such a
n

estimate is that stream maps accurately delineating

small first- order channels prone to incision are not

readily available for the Chesapeake Bay water-

shed.

Specific geomorphic processes associated

with incision can vary with the landscape setting

and climatic conditions. Steeply sloped first- and

second-order channels in the Appalachian Plateau,

Valley and Ridge, and Blue Ridge Physiographic

Provinces can generate high-energy flows; how-

ever, bedrock prohibits down-cutting b
y

erosion

over short time scales. Hillslope processes that

move large amounts o
f sediment over short time

periods, such a
s

debris flows and landslides, can

alter channels o
n steep slopes during extreme pre-

cipitation events. In the Rapidan River Basin in

Virginia, floods and debris flows in 1996 provided

Figure 3.2. Relations between profile location, sediment flux, and channel incision, defined as [dz/ d
t

= ( 1
/

_
s
)

(dG/ dx) +

i,
] where dz/ d
t = change in channel bed elevation with time, dG/ d
x = change in bedload transport with

distance downstream,

_
s = specific gravity o
f

sediment (Modified b
y

S
.

Smith from Richards and Lane, 1997).
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evidence o
f

such events; however, these events are

rare in most o
f

the Chesapeake Bay watershed

(Gori and Burton, 1996).

Channel Sediments

Sediment sizes generally are divided into

clays (less than 0.004 mm),silts (0.004- 0.062 mm),

sands (0.062- 2 mm), gravels ( 2
-

6
4 mm),cobbles

(64-256 mm),and boulders (greater than 256 mm).

T
o some extent, lithology and transport mecha-

nisms determine the shapes o
f

the particles, which

can range from spherical to platy. The variability o
f

lithologic conditions throughout the Chesapeake

Bay watershed create a diversity in the size distri-

butions, densities, and shapes o
f

sediment being

transported downstream towards the Coastal Plain

rivers and Chesapeake Bay (Smith and others,

2000). Changes in the grain-size distribution o
n

and within the channel bed also can occur. These

changes usually are characterized by a reduction in

the median grain size with distance downstream in

large drainage networks. Changes in bed grain

sizes also can occur over relatively short distances,

a
s observed b
y

Prestegaard and others (2000) in the

reach o
f

Northwest Branch traversing the Fall

Zone near Washington, D
.

C
.

( fig. 3.3).

Individual sediment particles move either b
y

remaining in suspension in the water column o
r

b
y

rolling, skipping, o
r

hopping along the bottom o
f

the channel a
s “bedload” (Vanoni, 1975; Yorke and

Herb, 1978; Meade and others, 1990). The part o
f

the total sediment load moving in the water col-

umn can b
e further partitioned into the “sus-

pended load,” which is characterized b
y a

concentration that decreases with elevation above

the channel bed, and “wash load,” which has a

homogeneous distribution through the water col-

umn (Leopold and others, 1964; Vanoni, 1975).

Suspended- Load and Wash-Load Transport

Sediment moving in suspension is entrained

in response to flow velocities and turbulence.

Material in suspension generally consists o
f

parti-

cles o
f

fine sand, silt, and clay. Because suspended

sediment concentrations depend o
n grain size and

flow velocity, the rates o
f

removal o
f

fine sediments

from suspension from the water column can take

extended periods o
f

time and require very low

flow velocities. Hence, the management o
f

fine

sediment after it is brought into suspension can b
e

difficult o
r

impossible with standard best-manage-

ment practices, including sediment ponds.

Figure 3.3. Changes in channel- bottom sediment sizes in the Fall Zone near Washington, D
.

C
.

(Modified

from Prestegaard and others, 2000).
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Suspended- sediment transport commonly is

evaluated using sediment concentration and veloc-

ity profiles that describe conditions through the

water column (Leopold and others, 1964; Garcia,

1999). The sediment profiles are represented a
s a

function o
f

the ratio o
f

the sediment concentration

a
t

different levels through the water column to the

sediment concentration near the bed. Development

o
f

computer simulations o
f

suspended- sediment

transport is complicated because o
f

complex flow

phenomenon associated with turbulence and dis-

tortions. The same problems make the collection o
f

suspended- sediment data difficult, particularly if

the hydraulic condition a
t

a sampling location is

complicated b
y changing roughness distributions

o
r

asymmetry in the cross-sectional geometry

(Gray, 2002). Suspended- sediment information col-

lected in the Chesapeake Bay watershed com-

monly is collected a
s TSS, which includes both

inorganic and organic materials. This method may

misrepresent the total sediment transport in some

watersheds (Gray and others, 2000).

Bedload Transport

Similar to suspended load, sediment trans-

ported a
s bedload is driven b
y

the force o
f

the

water flow. The amount o
f

force required to initiate

motion o
f

a particle depends o
n

it
s size, density,

shape, and position relative to other particles.

Although estimating bed load transport accurately

is difficult, relations between bedload transport

and water flow have been examined b
y numerous

authors (Vanoni, 1975; Wohl, 2000). Approaches

used to predict bedload transport usually are

based o
n a well-known set o
f

governing equations

for the conservation o
f

flow, mass, and momentum

and represented using constitutive relations devel-

oped through experimentation that describe how

sediments with different characteristics respond to

water flows (Vanoni, 1975; Wohl, 2000; Middleton

and Wilcock, 1994; Meade and others, 1990).

Little bedload information is available in the

Chesapeake Bay watershed and n
o programmatic

efforts are planned to gather data. However, bed-

load transport can b
e important in localized areas

because o
f

it
s relation to channel stability and

adjustments. Bedload generally is less than

2
0 percent o
f

the total sediment transferred from

continental uplands to the coastal margins ( Yorke

and Herb, 1978, Vanoni, 1975). However, bedload-

transport rates and magnitudes can significantly

affect channel hydraulic geometry and stability in

gravel- bed rivers. This also can affect the total sed-

iment yield from a reach, including fine sediments

moving in suspension. The influence o
f bedload

transport on channel stability and TSS yield can b
e

particularly important in several unique areas o
f

the Chesapeake Bay watershed where large quanti-

ties o
f

gravel and cobble materials are supplied

from bedrock o
r

upstream areas. The northern

areas o
f

the Appalachian Plateau where past gla-

cial activity has deposited large amounts o
f

gravel

overburden materials are one such location. The

Fall Line between the Piedmont and Coastal Plain

Physiographic Provinces is another geomorphi-

cally unique location where the bedload move-

ments o
f

coarse gravels supplied in pulses can

promote large localized changes in channel flow

conveyance capacities over short time periods

(Smith, 1997).

The frequency and magnitude o
f

the trans-

port o
f

coarse sand and gravels has potential impli-

cations for stream and river channel stability, the

development o
f

stable channel engineering proto-

cols, and assessments o
f

aquatic habitat (Bieden-

harn and others, 2000). Many formulas for

estimating gravel transport a
s bedload have been

developed fromexperimentation using single-

sized sediment. These experimental approaches

have, for the mostpart, evaluated mixed-sized sed-

iments a
s simple percentages o
f

sand. However,

changes in the sorting o
f

mixed-sized sediments

during transport affect transport rates for gravels.

This mayhave relevance to the effect o
f

construc-

tion sediments on total sediment transport in

urbanizing watersheds (Wilcock, 1998; Wohl,

2000).

Watershed changes that directly alter the

supply o
f

sediments naturally transported a
s bed-

load can include channel engineering and dam-

construction activities. Changes indirectly influ-

encing bedload transport conditions can include

increases in the frequency and magnitude o
f

dis-

charges associated with forest clearing and urban-

ization, and truncated peak flows fromlarge

reservoirs with large storage capacities for water

and sediment.

Field data necessary to estimate bedload

transport are difficult to collect because bedload

sampling requires sampling bottom materials

across the width o
f

a channel, commonly during

high-flow conditions (Edwards and Glysson,

1988). Estimates can b
e developed using experi-

mentally derived bedload transport functions;

however, the error can very high. A variety o
f
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channel bottom and bar sediment sampling tech-

niques have been developed to estimate bottom

sediment grain size, which serves a
s

a
n indepen-

dent variable in most bedload transport functions

(Wolman, 1954, Wohl, 2000). Some o
f

these sam-

pling methods have been popularized for use in

stream- channel assessment exercises conducted b
y

many agencies and their consultants in stream

management and channel- rehabilitation projects

throughout the country, including the Chesapeake

Bay watershed (FISRWG, 1998).

Although bedload is a relatively minor per-

centage o
f

the total sediment load delivered to the

Chesapeake Bay, bedload- transport characteristics

o
f

the gravel- bed rivers flowing through the bay

watershed influence the total sediment load,

including fine sediment transported in suspension.

Measured bedload- sediment data would b
e help-

ful to evaluate total sediment loading, to perform

stability assessments in gravel-bed streams, and to

develop stream- channel stabilization designs. T
o

date, very few attempts have been made in the bay

watershed to collect bedload information in con-

junction with stream channel assessment o
r

reha-

bilitation projects conducted in the past decade

(Mallonee and others, 2002; McCoy and others,

1997). Therefore, almost n
o information exists on

the relation between bedload and total sediment

yield to the Chesapeake Bay.

Reach- Specific Sediment- Transport

Characteristics

Sediment materials are transported from the

first- order channels in the headwaters o
f

water-

sheds to the higher-order channels and the basin

outlets. However, the rate o
f

transport for the grain

sizes supplied b
y a watershed is not constant over

time o
r

consistent through a drainage network.

The amount o
f

sediment that moves through a

reach depends o
n the amount o
f

sediment input,

the magnitude, frequency, and duration o
f

flows,

and the hydraulic geometry o
f

the channel. For

example, incising channel reaches associated with

low order (headwater) streams commonly release

moresediment than they receive. This sediment

can become stored in bars and adjacent floodplains

in downstream reaches that receive moresediment

than they can transport. In some localized areas,

such a
s

the “Fall Line” border between the Pied-

mont and Coastal Plain Physiographic Provinces,

sediment fromupstream is conveyed through a

reach in pulses that coincide with high flows

(Smith, 1997).

Sediment stored in stream- channel bar for-

mations and on the floodplain can provide a his-

tory o
f

changing land- use activities. Distinct

changes to the morphology o
f

the active channel

and floodplain have been observed in response to

alterations in watershed hydrologic conditions and

sediment supply (Jacobsen and Coleman, 1986).

Three defining periods o
f

sedimentation were

identified b
y Jacobsen and Coleman (1986) in rela-

tion to observed floodplain strata (fig. 3.4).

Pre-settlement period: The Piedmont flood-

plains were formed over long periods o
f

time b
y

the settling o
f

fine sediment in the wooded areas

adjacent to active stream channels.

Agricultural period: Widespread establish-

ment o
f

farming caused dramatic increases in sedi-

ment supply and the deposition o
f

significant

layers o
f sediment in the floodplain over a rela-

tively short time period.

Very recent period: Reduced agricultural

activities and improved sediment control have

decreased sediment supply from over- land

sources. Stored sediment in floodplain deposits are

reworked, resulting in the downstream transport

o
f

fine sediments and the reworking o
f

coarse sedi-

ments into bar deposits.
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Figure 3.4. Floodplain stratigraphy observed b
y Jacobsen and Coleman, partitioned into three defining

periods o
f

sedimentation (Modified from Jacobsen and Coleman, 1986).
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CHAPTER 4
.

WATERSHED SEDIMENT

DEPOSITION AND STORAGE

b
y

Julie Herman,
1

Clifford Hupp,
2

and Michael Langland2

Sediments eroded from the land surface are

stored in the Chesapeake Bay watershed in three

primary places: upland surfaces, in reservoirs

behind dams, and in floodplain riparian regions.

This section discusses studies relevant to the stor-

age o
f sediment that has been eroded but has not

yet reached the bay o
r

it
s tributaries. A discussion

o
f

legacy sediments, defined a
s those sediments

eroded during extensive colonial land clearance

and temporarily trapped in the watershed, is pre-

sented in Chapter 6 o
n Deposition and Sedimenta-

tion Rates.

Upland Storage

This section reviews recent papers o
n

upland sediment storage. Upland sediment stor-

age refers to sediment that has been mobilized in

upland regions and redeposited o
n the upland sur-

face before reaching a stream. This type o
f

sedi-

ment is referred to a
s

colluvium, and

it
s storage

may constitute a large percentage o
f

material

eroded from uplands. Although colluvial sediment

can b
e

difficult to measure,

it
s residence time in

upland storage and

it
s delivery to stream courses

may have important implications forwater-quality

management.

Colluvium is deposited a
t

the base o
f

hills-

lopes, a
t

field edges, in buffers, and in swales and

depressions (isolated wetlands). Evidence o
f

the

importance o
f sediment storage and remobiliza-

tion a
s a source o
f

sediment in drainage basins o
f

various scales is increasing (Walling, 1988). Water-

shed studies have shown that a large percentage o
f

the total sediment eroded is stored a
s colluvium.

During a study o
n Coon Creek, Wis. (360 km2

drainage area), Trimble (1981) found that 3
8

to

6
3 percent o
f

upland-source sediment was depos-

ited a
s colluvium. In four large (
> 1,000 km2) drain-

age basins in the Piedmont o
f

North Carolina,

colluvial storage was estimated to b
e

7
1

to

8
1 percent o
f

mean annual sediment production

(Phillips, 1991b). In Western Run, a Piedmont

watershed in Maryland, Costa (1975) found that

5
2 percent o
f

sediment eroded from agricultural

lands was stored a
s colluvium. In a series o
f

nested

sub- watersheds in the York River watershed (Pied-

mont and Coastal Plain Physiographic Provinces

o
f

Virginia), 5
7

to 7
4 percent o
f

upland erosion was

stored a
s colluvium (Herman, 2001).

Buffers tend to decrease the velocity o
f

over-

land flow and trap colluvial sediment b
y

deposi-

tion. Buffers may b
e grassy, forested, o
r

zoned and

usually are a
t

field edges o
r

in riparian zones. In

areas with lower slopes, such a
s

the Coastal Plain

Physiographic Province, buffers appear to b
e more

effective (Dillaha and Inamdar, 1996). In forested

riparian areas, more than 5
0 percent o
f

the sedi-

ment eroded in cultivated fields was deposited

within 100 m o
f

the field margins (Cooper and oth-

ers, 1987). Fine particles also may enter the soil

profile with infiltrating water ( Dillaha and

Inamdar, 1996).

A technique commonly used to estimate

upland storage is called the sediment delivery

ratio (SDR). The SDR is the ratio o
f

sediment reach-

ing a basin outlet compared to the total erosion

within the basin (Walling, 1983). The portion o
f

mobilized sediment that is not delivered to a

stream channel remains on the upland a
s

collu-

vium. The following discussion o
f

SDRs includes

only the transport pathway from upland erosion to

stream edge. Values for SDRs range from 0 to more

than 1 and commonly are found to decrease prima-

rily with a
n increase in drainage area. A ratio in

excess o
f

1 implies that delivered load exceeds

gross erosion and that additional stored sediment

is being mobilized (Walling, 1983; Novotny and

Chesters, 1989).

The Chesapeake Bay Program watershed-

modeling effort assumes that basins between 1
3

and 259 km2 have ratios that vary between 0.1 and

0.22, respectively, and 0.18 is used a
s a constant

SDR from field to edge o
f

stream for the sub- water-

sheds ( L
.

Linker, U
.

S
.

Environmental Protection

Agency, oral commun., 1996). Values for Virginia

Agricultural Pollution Potential Database (VirGIS)

SDRs in the York River watershed range from 0.01

to 0.96; the mean is about 0.31 for crop and pasture

land and 0.06 for

a
ll land uses (crop, pasture, for-

est). For comparison, the SDR for the Yadkin/ Pee

Dee River system in North Carolina (47,900 km2) is

0.039 (Phillips, 1991a).

The SDR concept has limitations (Walling,

1983; 1994). Considerable uncertainty surrounds

the methods for calculating SDRs, and there is no

generally applicable predictive equation. Walling

1 Virginia Institute

o
f Marine Science.

2

U
.

S
.

Geological Survey.
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(1983) cites examples o
f

proposed delivery ratio

equations,

a
ll

o
f which relate ' larger-scale' catch-

ment properties (such a
s

basin area and basin

relief) to sediment delivery. No equations were

available using parameters that define the land-

surface pathway over which sediment- laden water

flows, such a
s

surface roughness and soil perme-

ability.

Another problem is that sediment delivery

also may b
e discontinuous over temporal and spa-

tial scales. Sediment eroded in the headwaters may

b
e stored, while sediment remobilized fromdown-

stream is transported out o
f

the basin (sediment

decoupling) (Phillips, 1995), making SDR estimates

inaccurate. In smaller basins, there is less opportu-

nity for sediment storage s
o the SDR may not b
e

a
s

susceptible to the lag time. Spatial diversity o
f

topography, land use, and soil conditions illus-

trates the problems o
f

spatial lumping and the

attempts to represent sediment delivery o
f a water-

shed with a single number. Therefore, SDRs should

b
e used with caution (Novotny and Chesters,

1989).

A strategy to partially rectify these concerns

is to apply the delivery ratio concept o
n a distrib-

uted basis using a grid o
f

square cells (Walling,

1983; VirGIS reports). In one approach, VirGIS

used a first- order exponential function that was

assumed to approximate the amount o
f sediment

moved froma cell to a receiving stream. The equa-

tion includes the influence o
f

vegetative cover and

the steepness and length o
f

the flowpath (VirGIS

reports). Because ' correct' estimates virtually are

impossible, VirGIS calculated a
n SDR that gener-

ally reflects expected trends (Shanholtz, 1988).

Another method is to calculate gross erosion for

each cell and then sequentially route sediment

downslope through adjacent cells towards a chan-

nel, with a proportion o
f

material being redepos-

ited along the transport pathway until a finaledge-of-stream value is obtained. Distributed delivery

ratios were developed for total suspended solids

from trapping efficiencies o
f

vegetated filter strips,

but their results overestimated total sediment load

(Levine and others, 1993). Although the distrib-

uted approach possesses certain merits, in practice

it may offer little advantage over a lumped method

because o
f

uncertainties in assigning delivery

terms to individual cells (Walling, 1983).

Several other methods hold promise for

quantifying colluvial storage. For example,

Cesium-137, a short-lived radioisotope has been

used to examine relatively recent sediment redis-

tribution on agricultural fields (Fredericks and Per-

rens, 1988). Long- term (decadal to historic time

scales) redistribution o
f

sediment also can b
e

examined b
y measuring changes in soil morphol-

ogy, especially the truncation and accretion o
f

soil

profiles. For example, Phillips and others (1999)

examined the fluvial, aeolian, and tilling processes

that redistribute soil in a small watershed in North

Carolina. They discovered that sediment was

deposited immediately downslope fromconvexi-

ties, forming thin fan deposits a
t

toe slopes, in

depressions, and a
t

the borders o
f

fields.

Floodplain and Banks

The Coastal Plain o
f

the southeastern and

mid-Atlantic United States is characterized b
y a

broad, frequently inundated low-gradient flood

plain. These riparian systems have received con-

siderable ecological study but distinctly less

hydrogeomorphic study. Data o
n quantitative pro-

cess linkages among hydrology, geomorphology,

and ecology remain largely undocumented.

Although sometimes heavily affected b
y land use,

these flood plains and their bottomland hardwood

systems remain a critical landscape element for the

maintenance o
f

water quality b
y trapping and stor-

ing large amounts o
f
sediment and associated con-

taminants. Nearly 9
0 percent o
f

a
ll sediment is

trapped for varying periods o
f

time along streams

before reaching saltwater (Meade and others,

1990). Thus, these flood plains are the last place for

sediment storage before entering critical estuarine

nursery areas for fish and wildlife.

Jacobsen and Coleman (1986) outlined a

flood plain- development model that described

morphological changes in Piedmont alluvial chan-

nels flowing through stored (legacy) sediment

deposits. They concluded that current changes

included the erosion o
f

the fine floodplain sedi-

ments and storage o
f

coarser materials in lag

deposits that developed into channel bar forma-

tions. Localized storage reaches also have been

identified b
y Smith and Prestegaard (Sean Smith,

Maryland Department o
f

Natural Resources, oral

commun., 2003) within geomorphic transition

areas, such a
s

the boundary between the Piedmont

and Coastal Plain Physiographic Provinces. The

relevance o
f

localized changes in sediment convey-

ance within drainage networks is watershed- spe-

cific. Misinterpretations can promote improper

river-corridor management strategies (Prestegaard

and others, 2000).
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Considering management timeframes,most

bottomlands, especially those on the Coastal Plain,

exhibit net aggradation through sediment deposi-

tion from two initially distinct sources: ( 1
)

runoff

from adjacent uplands (riparian buffer) and

( 2
)

streamflow during inundation o
f

bottomlands

(riparian retention). Geomorphic analyses (Leo-

pold and others, 1964; Jacobson and Coleman,

1986; Kleiss, 1996) verify that riparian retention o
f

sediment is a common and important fluvial pro-

cess. Unfortunately, retention time o
f

sediment

may b
e the most poorly understood and generally

unquantified aspect o
f

sediment budgets ( R
.

B
.

Jacobson, U
.

S
.

Geological Survey, written com-

mun., 1996). Johnston (1991) found only four pub-

lished accounts o
f

vertical accretion rates o
r

mass

accumulation for mineral fines in the United States

forany type o
f

wetland. More recently, wetland

vertical accretion rates were reported b
y Hupp

(2000) forWest Tennessee, eastern Arkansas, South

Carolina, North Carolina, and along tributaries to

the Chesapeake Bay in Maryland and Virginia

(table 4.1).

Researchers are investigating several tribu-

taries o
f

the Chesapeake Bay in a
n effort to under-

stand sediment and associated contaminant

storage and transport pathways in various hydro-

geomorphic settings. Extensive riparian wetlands

within the Coastal Plain regions o
f

the bay may

trap a
s much a
s

70,000 k
g

y
r
-

1

o
f

sediment along a

2
- km reach (Hupp and others, 1993). Several moni-

toring sites have been established along the

Chickahominy, Pamunkey, Mattaponi, Piankatank,

Patuxent, Choptank, and Pocomoke Rivers, a
s well

a
s

other smaller tributaries. In addition to monitor-

ing, long-term tree- ring data and short-term artifi-

cial marker horizons are being used to document

net sediment deposition rates. Radioisotopic tech-

niques also are being applied to track sediment

sources and estimate poorly understood sediment

retention times.

Initial results fromboth short- and long-term

data indicate that substantial amounts o
f

sediment

are deposited a
t

a
ll the monitoring sites a
t

rates

exceeding 1 mm

y
r
- 1

(fig. 4.1). Sedimentation rates

are highest where alluvial (brownwater) streams

receive runoff from either agricultural o
r

urban

areas with high loads o
f

suspended sediment. The

Choptank and Pocomoke Rivers, which originate

o
n the Coastal Plain and Delmarva Peninsula, have

relatively high sedimentation rates for blackwater

(highly organic) rivers, however, the sediment

loads usually are low. These rivers would normally

have tea-stained, but generally clear water color.

However, because these rivers experience consid-

erable channelization, sediment has been mobi-

lized from drainage ditches and the main channel.

Therefore, these rivers act more like pipelines than

rivers that have functioning riparian areas.

I
t may seem intuitive that a
s sediment- laden

flow leaves the main channel and enters a forested

wetland, velocities slow because o
f

the hydrauli-

cally rough nature o
f

the forested bottom (also a

Table 4.1. Mean sediment deposition rates

fo
r

Coastal Plain rivers

[ Data from dendrogeomorphic analyses. The Cache River was investigated twice in different

studies and locations.]

River Type

Mean sediment

deposition rate

(millimeters

per year)

Authorship and date

Hatchie, Tennessee Alluvial 5.4 Bazemore and others (1991)

Forked Deer, Tennessee Alluvial 3.5 Bazemore and others (1991)

Chicahominy, Virginia Alluvial 3.0 Hupp and others (1993)

Obion, Tennessee Alluvial 3.0 Bazemore and others (1991)

Patuxent, Maryland Alluvial 2.9 Schening and others (1999)

Cache, Arkansas Alluvial 2.7 Hupp and Schening (1997)

Roanoke, North Carolina Alluvial 2.3 Hupp and others (1993)

Cache, Arkansas Alluvial 1.8 Hupp and Morris (1990)

Wolf, Tennessee Alluvial 1.8 Bazemore and others (1991)

Mattaponi/ Pamunkey, Virginia Alluvial 1.7 Schening and others (1999)

Coosawhatchie, South Carolina Blackwater 1.6 Hupp and Schening (1997)

Choptank, Maryland Blackwater 1.5 Schening and others (1999)

Pocomoke, Maryland Blackwater 1.5 Hupp and others (1993)
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dramatic increase in wetted perimeter) and

consequently sediment is deposited (Kleiss, 1996).

Yet, until recently, few attempts have been made to

quantify sediment deposition in any wetland

system. Even fewer published accounts describing

factors affecting local variation in deposition rate

are available (Hupp and Schening, 1997; Hupp,

2000). The amount o
f

suspended fine material

available strongly influences deposition potential.

Variation in local elevation across a bottomland

and correlated length o
f

hydroperiod (length o
f

time flow is in wetland) also have been cited a
s

important factors affecting deposition rate ( Hupp

and Morris, 1990; Hupp and Bazemore, 1993;

Kleiss 1993, 1996). Several other interrelated factors

may play a
n important role in local sediment

deposition, including flow velocity, distance o
f

flowpath frommain channel, hydraulic connection

to main channel, internal flowpaths, ponding

(typically in backswamps o
r

behind levees),

roughness from standing vegetation and large

woody debris, and beaver activity.

In summary,the trapping o
f

sediment and

associated contaminants in the riparian and flood-

plain zones o
f

lowland (Coastal Plain) tributaries is

a major water- quality function o
f

these systems.

This function will play a
n increasingly important

role in the retention o
f

sediment entering the bay.

Activities such a
s

channelization, which limits the

amount o
f

contact between streamflow and the

riparian zone, will compromise the natural ability

o
f

the streams to retain sediment and contami-

nants.

Reservoirs

The large numbers o
f dams and impound-

ments that have been built in the bay watershed

have a significant effect o
n river sediment loads.

Dams interrupt the “natural” down- river flow o
f

sediment. Although mostwater eventually is

released downstream, sediment is effectively cap-

tured behind dams. In fact, many reservoirs trap a
t

least half the sediment annually flowing into them

until reaching sediment storage capacity (Meade

and others, 1990). After a reservoir reaches

it
ssedi-ment-

storing capacity, sediment loads flowing

downstream “through” the reservoir will increase

and approximately equal that amount transported

into the reservoir.

Sedimentation in any reservoir can b
e evalu-

ated using bathymetric data o
r

direct calculation

with consideration o
f

trapping efficiency. Costa

(1975) estimated that one-third o
f

total sediments

erosion in Loch Raven Reservoir Basin (located in

Maryland) since European colonization left the

basin and two- thirds was still in storage. He based

these conclusions o
n

a
n analysis o
f

the bathymetric

conditions in the reservoir a
t

the downstream end

o
f

the drainage network. Reservoir sedimentation

also was measured b
y

Ortt and others ( 2000) in the

Figure 4.1. Sedimentation rates from tree- ring and clay pads along selected Chesapeake Bay

tributaries. Rates from clay pads maybe exaggerated b
y

lack o
f

compaction and non-decayed

organic material.
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Gunpowder River watershed and b
y Ocean Sur-

veys, Inc. (1997) in the Upper Patuxent River, both

o
f

which are in the Piedmont Physiographic Prov-

ince o
f

Maryland. Accretion rates measured in

Loch Raven and Pretty Boy Reservoirs average 1.4

to 1.5 cm

y
r
-

1
,

resulting in a total accumulation o
f

10,100 and 8,740 m
3

y
r
-

1
(

Ortt and others, 2000).

Ocean Surveys, Inc. found that a third reservoir in

Maryland (Tridelphia) was accumulating approxi-

mately 50,000- m
3

y
r
- 1

since

it
s construction in 1942.

In a
ll three studies, the relation between reservoir

sedimentation and watershed sediment yield was

not formallydeveloped.

Susquehanna River Reservoirs

During floods, large amounts o
f

sediment

and nutrients are transported into the reservoir

system, and, along with sediments and nutrients

already trapped in the reservoirs, are available for

deposition, resuspension, scour, and transport

downstream. However, scour o
f

sediment from

reservoirs during floods increases the storage

capacity o
f

the reservoirs. Forexample, the three

most recent floods—June 1972, September 1975,

and January 1996—removed about 3
6 million tons

o
f

sediment from three reservoirs in the lower Sus-

quehanna River Basin (Langland and Hainly,

1997).

The largest dams in the bay watershed are in

the lower reaches o
f

the Susquehanna River.

A reservoir system, consisting o
f

Lake Clarke, Lake

Aldred, and Conowingo Reservoir, forms behind

three consecutive hydroelectric dams (fig. 4.2). Safe

Harbor Dam, built in 1931, forms Lake Clarke.

Figure 4.2. Location o
f

three hydroelectric dams

and reservoirs in the Lower

Susquehanna River Basin.



C H AP T E R 4 4
7

Holtwood Dam, built in 1910, forms Lake Aldred

and is the smallest o
f

the three reservoirs.

Conowingo Dam, built in 1928, is the largest and

furthest downstream reservoir.

Since their construction, the reservoirs have

been filling with sediment and sediment- associ-

ated nutrients. The upper two reservoirs have

reached capacity and generally n
o longer trap

large amounts o
f

sediments and nutrients. How-

ever, Conowingo Reservoir has not reached capa-

city and currently is trapping about 2 percent o
f

nitrogen, 4
0 percent o
f

phosphorus, and 50-

7
0 percent o
f

suspended sediment that would oth-

erwise b
e discharged to the Chesapeake Bay

(Langland and Hainly, 1997).

Long- term discharge records are kept b
y

the

power-plant operators. Since 1985, continuous dis-

charge and water-quality data has been collected a
t

Conowingo and Marietta b
y

the USGS and the Sus-

quehanna River Basin Commission (SRBC). In

1990, 1993, and 1996, the USGS determined the

water depth to sediment in the reservoirs in a
n

effort to calculate the remaining sediment- storage

capacity in the reservoir system and to estimate

when the reservoirs will reach sediment- storage

capacity (Langland and Hainly, 1997). The 1996

data collection followed a major flood in the Sus-

quehanna River Basin. These studies showed that

although the Conowingo Reservoir is not yet full

o
f

sediment, little space remains to b
e

filled. The

cross-sectional areas o
f

available space for nutrient

and sediment storage have changed from 1928 to

1996 and the probable cross-sectional area when

the reservoir is a
t

full sediment-storage capacity is

shown in figure 4.3. From the upper end o
f

the res-

ervoir to about 28,000 f
t upstream from the dam,

the reservoir has very little sediment- storage

capacity remaining; the capacity from 28,000 f
t

downstream to the dam was reduced greatly

between 1928 and 1996. As a result o
f

scour during

the January 1996 flood, storage capacity in the

Conowingo Reservoir increased approximately

1,600 acre-

ft
, which is equivalent to 2.4 million tons

o
f

sediment. About 29,000 acre- f
t remain to b
e

filled, o
r

about 4
2 million tons o
f

sediment can b
e

deposited, before the sediment- storage capacity is

reached (area in red, fig. 4.3).

Estimating the time remaining until the res-

ervoir reaches sediment- storage capacity is diffi-

cult because the amount o
f

sediment transported

and deposited in the reservoirs depends on factors

such a
s land-use and management practices, rain-

fall, and large storm events. Despite these uncer-

tainties, the reservoirs currently are estimated to

reach storage capacity in 20- 2
5 years. When this

occurs, the amount o
f

sediment and nutrients

transported to the bay b
y

the Susquehanna River

will equal that amount delivered into the reservoir

system. I
f

a
ll other conditions remain constant, and

assuming 60- percent sediment trapping efficiency,

this will result in a 2
-

percent average annual

increase in the nitrogen load, a 40- percent average

increase in the phosphorus load, and a 150-percent

average annual increase in the suspended- sedi-

ment load. After capacity has been reached, a

greater increase in the annual loads o
f

nutrients

and sediment transported to the Chesapeake Bay

will take place during major scour-producing flood

events. A task force, commissioned b
y

the Susque-

hanna River Basin Commission,composed o
f

sci-

entists, individuals from private industry, and

lawmakers, recently addressed the issue o
f

sedi-

ment retention in the reservoirs and published a

list o
f

recommendations dealing with sediment

issues in the watershed and bay (Susquehanna

River Basin Commission,2000).
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Figure 4.3. Change in Conowingo reservoir sediment–storage capacity, 1929- 1996.
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CHAPTER 5
.

ESTUARINE SEDIMENT

SOURCES

b
y Thomas Cronin,

1
Jeff Halka,

2

Scott Phillips,
1 and Owen Bricker1

This chapter describes the sources o
f

sedi-

ments entering the Chesapeake Bay estuary from

various riverine, oceanic, biogenic, shoreline, and

atmospheric sources. The chapter begins with a
n

integrated look a
t

contributing sources to the estu-

ary, then proceeds into moredetailed descriptions

o
f

the individual sources. Because o
f

the integrated

nature o
f

the watershed- bay system, many o
f

the

processes described here are necessarily related to

those covered in the prior chapter o
n watershed

sedimentary processes. Following this section on

sediment sources, the chapter describes sediment

transport to and within the estuary, deposition

(storage) and sedimentation in the estuary, and

secondary resuspension o
f

sediment in the bay and

it
s tributaries.

Estimates o
f

Major Sediment Sources

The major sources o
f

fine-grained sediment

to the estuary are from external and internal

sources. The three major external sources include

the above- Fall Line watersheds, below- Fall Line

watersheds, and oceanic inputs. Two major inter-

nal sources are fromshoreline erosion and biogenic

productivity. Few complete studies o
n the estuary

that summarize the relative contribution o
f

these

sources have been conducted. The best available

data to assess the approximate relative contribu-

tion o
f

these sources o
n

a
n estuary- wide basis,

without accounting for spatial o
r temporal vari-

ability o
r

transport within the estuary, have been

compiled and are presented in this chapter.

The FallLine watershed inputs were derived

from the River Input Monitoring Station data for

the 1989– 9
9 period and average inputs totaled

4.27 million metric tons per year (Langland and

others, 1999). I
t was assumed that the great major-

ity, if not all, o
f

the sediment supplied a
t

the Fall

Line was fine-grained silts and clays. The water-

sheds included in this total were the Susquehanna,

Potomac, James, Patuxent, Mattaponi, Pamunkey,

Appomatox, and Choptank. Tributaries o
n the

Eastern Shore that were not represented include

the Chester, Nanticoke, Wicomico, and Pocomoke

Rivers. On the Western Shore, the major tributary

not included was the Patapsco River.

The below-FallLine loads have been esti-

mated for few tributaries including the Potomac

(Miller, 1987), Choptank (Yarbo and others, 1981;

1983), Rhode (Pierce and Dulong, 1977) and Patux-

ent (Roberts and Pierce, 1974; 1976) Rivers. The

amount from these four studies totaled 0.9 million

metric tons per year,

a
ll

o
f

which was assumed to

consist o
f

fine-grained sediments. No attempt was

made in this effort to estimate below- Fall Line

loads from tributaries that had not been studied

(see Watershed Model discussion in Chapter

7
)
.

Oceanic input o
f

fine-grained sediment was

estimated from the works o
f

Schubel and Carter

(1976) and Hobbs and others (1992). The former

utilized a conservative salt- budget but did not

actually measure sediment input. The latter deter-

mined the deficit o
f

deposited sediment through-

out the bay o
n the basis o
f

comparisons o
f

historical bathymetry and ascribed the difference

to oceanic input, 1
4 percent o
f

which was deter-

mined to b
e fine-grained sediments. Examining

these two studies produced a total estimate o
f

the

oceanic input a
t

1.14 million metric tons per year o
f

fine-grained sediments to the bay.

Input o
f sediment from fastland (above

water, mean tide) shoreline erosion and associated

nearshore (below water, mean tide) erosion (dis-

cussed in detail later in this chapter) was estimated

using data from the USCOE Shoreline Erosion

Study (1990), which summarized the results sepa-

rately for Maryland (Kerhin and others, 1988) and

Virginia (Byrne and others, 1982). Estimates o
f

the

relative amounts o
f

fine-grained and coarse-

grained components o
f

shoreline erosion were

derived from the shoreline studies in Virginia

(Ibison and others, 1990; 1992). Details o
f

the anal-

yses can b
e found in the Shoreline Erosion section

o
f

this chapter. Fastland erosion alone was deter-

mined to supply 3.60 million metric tons per year

o
f

fine-grained sediment from the shorelines o
f

the

bay; including the associated nearshore erosion

increased this number to 8.42 million metric tons

per year.

The relative contribution o
f

these major sedi-

ment source components to the entire Chesapeake

Bay estuary is shown in figure 5.1. I
t
is recognized

that there are areas where data is lacking, includ-

ing lack o
f

river input monitoring measurements

for

a
ll tributaries, relatively few below the Fall Line

1

U
.

S
.

Geological Survey.

2
Maryland Geological Survey.
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tributary suspended sediment estimates, internal

biogenic productivity data are lacking, and oceanic

and shoreline inputs are only roughly estimated.

Biogenic productivity has been shown to b
e signif-

icant in certain areas o
f

the bay in certain seasons

(Biggs, 1970) and needs to b
e more fully addressed

in future studies. These results also may not

include the effects o
f

extreme climatic events.

However, these results indicate the major sources

o
f

fine-grained sediments and will provide useful

information in devising management strategies. As

shown in figure 5.1, the above- Fall Line and shore-

line erosion inputs are the dominant contributors

o
f

fine-grained sediment, together supplying 7
9

to

8
6 percent o
f

the total load. Fastland shoreline ero-

sion ( 3
6 percent) and Fall Line Riverine input

( 4
3 percent) are roughly sub-equal if associated

nearshore erosion inputs are not included (left

graph). However, if the nearshore component o
f

shoreline erosion is included in the total, the shore-

line contribution dominates

a
ll other sources with

a
n input o
f

5
7 percent o
f

the total (right graph).

Although shoreline protection measures

may b
e

a
n important component o
f

future manage-

ment strategies, it may b
e

difficult to measurably

reduce the input because o
f

the dispersed nature o
f

the source and the difficulties in reducing the near-

shore erosion component. Construction o
f

hard

erosion- control devices in areas o
f

high fastland

erosion rates may increase erosion in the adjacent

nearshore area because o
f

wave reflection and

refraction, thus compounding the problem o
f

sedi-

ment supplied from shoreline erosion.

Watershed Sources

Sediment eroded from the watershed is

delivered to the bay and

it
s tidal tributaries

through river transport. Much o
f

the sediment

transported in the large rivers (Susquehanna, Poto-

mac, and James) initially is deposited near the Fall

Line, which refers to the zone where a change in

topography separates the Piedmont Physiographic

Province fromthe Coastal Plain. This zone gener-

ally represents the limit o
f

the tidal influence o
f

riv-

ers and tends to coincide with the area where the

harder crystalline rocks o
f

the Piedmont Physio-

graphic Province and the softer unconsolidated

rocks o
f

the Coastal Plain Physiographic Province

overlap. The large amount o
f

deposition near the

Fall Line occurs due to a
n abrupt reduction in

stream gradient (lesser slope s
o

less stream veloc-

ity) and influence fromtides o
f

the bay. Above the

Fall Line, rivers are typified b
y a high load o
f

inor-

ganic suspended sediments and a
t

timesare the

dominant source o
f TSS that results in reduced

water clarity in the upper tidal tributaries o
f

the

bay. In contrast, many rivers that originate below

the Fall Line in the Coastal Plain Physiographic

Province, where the stream gradient is low, trans-

port relatively smaller amounts o
f

mineral sedi-

ments but contain high levels o
f

dissolved organic

material. O
f

the sediment generated in watersheds,

up to 80- percent is trapped for a period o
f

time

along streams before reaching saltwater (Costa,

1975; Trimble, 1981; Herman, 2001). This sediment

may take years to centuries to b
e transported to the

bay because o
f

continual deposition and resuspen-

sion in stream corridors.

Figure 5.1. Relative contributions o
f

sediment sources to the estuary with fastland (above tidal water) erosion (left)

and with fastland and nearshore (below tidal water) erosion (right). (Based on data in chapter 7
,

table 7.2, and U
.

S
.

Army Corps o
f

Engineers, 1990)
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In the mid-1980s, the USGS Chesapeake Bay

River Input Monitoring (RIM) Program was estab-

lished to quantify loads and long- term trends in

concentrations o
f

nutrients and suspended mate-

rial entering the tidal part o
f

the Chesapeake Bay

watershed from

it
s nine major tributaries (fig. 5.2).

From 1985 to 2000, the two rivers with the highest

annual sediment load were the Potomac River

(1,932,000 tons) and the Susquehanna River

(1,154,600 tons) (fig. 5.3A). During this period, the

two rivers with the highest sediment yield were

the Rappahannock River (329 tons mi- 2
)

and the

Potomac River (167 tons mi- 2
)

( fig. 5.3B). Monthly

and annual trends are estimated for sediment con-

centration and load using samples collected once a

month and during storm events. Sediment concen-

tration and streamflow are then used in a statistical

model to estimate the load o
f

sediment entering

the tidal reach o
f

each river.

The long-term annual average o
f suspended

material contributed b
y

the nine RIM basins is

approximately 4.3 million tons

y
r
-

1
.

About 9
0 per-

cent o
f

this material came from the three largest

rivers (Susquehanna, Potomac, and James)

(fig. 5.4). Quantity o
f

streamflow is the dominant

factor transporting and delivering suspended

loads fromthe watersheds to the estuary. Deliv-

ered loads varied from 12.2 million tons

y
r
- 1

(1996)

to 0.71 million ton

y
r
-

1
(2001). A severe drought,

which occurred over much o
f

the bay watershed

from 1999 to 2001, resulted in a
n annual average

load o
f

780,000 tons

y
r
-

1
,

about 8
0 percent below

the normal long-term average. Although the total

loads in 1990- 2001 were less because o
f

lower rain-

fall and lower streamflow, the relative contribution

o
f

the major rivers was similar to the long-term

average (Langland and others, 1995). Long- term

trends in monthly loads (1985- 2001) a
t

the nine

RIM sites indicate there had been no significant

change. However, if the influence o
f

streamflow is

removed, the trend in monthly concentration

shows a significant decrease a
t

three sites and a

significant increase a
t

two sites.

Currently, there are n
o long-term monitoring

data to estimate the load contributed from areas

below the Fall Line. Computer simulations com-

pleted using the Chesapeake Bay watershed Model

(discussed in Chapter 7
)

estimates a
n additional 1

million ton

y
r
- 1

o
f

sediment enters the estuary from

the unmonitored Coastal Plain region, with minor

inputs from the Piedmont region below the Fall

Line monitoring stations.

Shoreline Erosion

Chesapeake Bay formed in response to rising

sea level following the last major advance o
f

the

Pleistocene glaciers. Approximately 18,000 years

ago, ocean levels in the mid-Atlantic region were

approximately 400 f
t lower than a
t

present and by

approximately 8,000 years ago had reached a level

sufficient to begin inundation o
f

the deeply incised

valley cut b
y

the Susquehanna River and tributar-

ies (Colman and others, 1990; 2001; Cronin and

others, 2000). Continued sea- level risefirst flooded

the deep narrow river valleys and then the sur-

rounding gently sloping lands o
f

the Coastal Plain

Physiographic Province. As the water level rose in

the bay, erosion o
f

the unconsolidated sediments

along

it
s shorelines contributed to the expansion o
f

the estuary. Because sea level continues to rise in

the bay region a
t

a rate o
f

approximately 1.0 to

1.4 f
t per century, and because the rate may accel-

erate in the future a
s a result o
f

global warming,

shoreline erosion in response to the risingsea level
is a
n important process ongoing in the bay.

The immediate cause o
f

shoreline erosion is

the action o
f

waves o
n the sediments along the

shore. Without a rising sea level, a dynamic equi-

librium state would b
e reached in which shoreline

erosion would decrease dramatically fromthe

present rate. However, when sea level is rising, the

action o
f waves reaches further inland over time to

continue the process o
f

shoreline erosion.

Erosion o
f

the shorelines results in a
n imme-

diate introduction o
f

sediment to the estuarine

waters. Shoreline erosion usually is described in

terms o
f

it
s location. The relation between fastland

erosion and associated nearshore erosion is shown

in figure 5.5.

The rate o
f

erosion a
t

any particular location

is dependent o
n a number o
f

factors that include

land use, sediment composition, orientation o
f

the

shoreline, bathymetry o
f

the offshore region, and

the local wind fetch for generation o
f

waves. The

relative importance o
f

these factors in determining

the erosion rate is difficult to assess for the bay a
s a

whole because each factor is highly variable both

spatially and temporally. Historical shorelines

have been mapped in Maryland and Virginia and

erosion rates derived from these shorelines inte-

grate the dominant processes that have driven ero-

sion a
t

a particular location.

Historical erosion rates mapped in Maryland

(Conkwright, 1975) and Virginia (Byrne and

Anderson, 1977) were used b
y

the USCOE in 1990
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Figure 5.2. Location map o
f

the nine River Input Monitoring (RIM) Sites.
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Figure 5.3. River Input Monitoring station sediment data, 1985 to 2000. ( A
)

Average annual

suspended- sediment load (log scale) and ( B
)

average annual sediment yield. Most annual loads

were computed on the basis o
f suspended sediment.
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Figure 5.4. Combined annual suspended- sediment loads and relation to annual flow fo
r

the

Susquehanna, Potomac, and the James Rivers near the Fall Line.

Figure 5.5. Relation between fastland (above tide) erosion and nearshore (below tide) erosion.
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to estimate the magnitude o
f

the erosion rate bay-

wide ( U
.

S
. Army Corps o
f

Engineers, 1990) and to

develop a
n estimate o
f

a bay-wide sediment

budget (Hobbs and others, 1992). The Maryland

erosion rate maps (2003) currently are being

updated to include a recent (about 1990) shoreline

along with the historical shorelines. These maps

will provide updated estimates o
f

shoreline change

for the Maryland part o
f

the bay.

The USCOE (1990) report indicated that

shoreline erosion was not limited to fastland ero-

sion but also included a
n envelope o
f

sediment

that is eroded to the base o
f

wave action in the

nearshore zone off the eroding shoreline. Analysis

o
f

historical bathymetric data by the USCOE indi-

cated that this depth o
f

erosion extended out to a
n

average present- day (2003) 8
-

f
t water depth.

Including these nearshore sediments in the volume

derived from fastland shoreline erosion increased

the overall total from 4.7 × 106 yards3

y
r
-

1

to

11.0 × 1
0
6

yards3

y
r
-

1
.

Using similarbulk density

values and percentages o
f

sand a
s

for fastland ero-

sion, the total yield to the estuarine waters from

the fastland and nearshore erosion increases to

12.6 × 1
0
6

metric tons

y
r
-

1
,

o
f

which 8.4 × 106 metric

tons is fine-grained silt plus clay. With fastland

shoreline protection, nearshore erosion will con-

tinue because o
f

wave action. Hardening o
f

the

shoreline with bulkheads has been shown to

increase erosion o
f

the nearshore bottom through

reflection o
f

wave energy.

Values for bulk density o
f eroding shorelines

have differed in various reports produced for the

bay. Kerhin and others (1998) utilized densities

obtained from the Maryland Department o
f

Trans-

portation that ranged from1.67 g

c
c
-

1
for silt clays

to 1.92 g

c
c
- 1

for sands; the average was 1.78 g

c
c
-

1
.

Byrne and others (1982) and Hobbs and others

(1992) reported using values that were consistent

with those o
f

Kerhin and others (1998). The shore-

line erosion studies o
f

Ibison and others (1990;

1992) cited soil scientists in using a bulk density

measurement o
f

1.5 g

c
c
- 1

to convert shoreline ero-

sion volumes to mass. Biggs (1970) used mineral

grain densities in calculating a sediment budget for

the northern Chesapeake Bay, which a
t

2.65 to

2.72 g

c
c
- 1 would overestimate the percentage o
f

sediment derived from fastland shoreline erosion.

Direct measurements o
f

dry bulk densities a
t

a

number o
f

sites in the Maryland portion o
f

the

Chesapeake Bay yielded a
n average value o
f

1.5 g

c
c
- 1
( Hill and others, oral commun., 2003).

Marsh sediments have much lower dry bulk den-

sity values that center a
t

approximately 0.5 g

c
c
- 1

(Anderson and others, 1977, Stevenson and others,

1985). The range in values reported for bulk-

density measurements is due in part to natural

variability that may b
e confounded b
y measure-

ments made o
n different levels in the strata and

measurement o
f

simple bulk density rather than

dry bulk density. Moisture incorporated in the sed-

iment, while adding mass, is not relevant to the

measurement o
f

sediment yield. The Ibison and

others (1990; 1992) value o
f

1.5 g c
c
-

1
for bank ero-

sion is approximately mid-range in the values

reported, and is corroborated b
y

the direct dry

measurements o
f

Hill and others (oral commun.,

2003). This value currently is being used in the CBP

modeling effort. I
t thus represents a reasonable

average value for fastland shoreline density. Using

this value, the resulting load to the Chesapeake

Bay fromshoreline erosion is 5.4 × 106 metric tons

y
r
-

1
(morediscussion in chapter

7
)
.

However, the Bay Model uses a constant

shoreline erosion rate, allowing calibration to sedi-

ment concentrations on the scale o
f

the Chesa-

peake Bay estuary, but it is not spatially variable

and does not account for nearshore erosion. In

addition, to compensate for lack o
f

a resuspension

simulation, modeled shoreline loads remain in sus-

pension a
n unrealistic length o
f

time. Therefore,

the model may b
e underestimating the variable

input from shoreline load and could b
e overesti-

mating the influence o
f

shoreline erosion o
n water

clarity in the shallow-water zone.

Not

a
ll shoreline erosion is detrimental. I
t

is

also important to note the necessary and beneficial

functions o
f sediments within estuaries. Sediment

is critical to maintaining the elevations o
f

tidal wet-

lands, particularly in response to sea level rise. An

important source o
f

sediment to salt marshes is

overbank flooding, which generally delivers sus-

pended fine sediments to the marsh substrate.

Coarse material o
f

upland origin, and suspended

coarse sediment in littoral cells are responsible for

the development and maintenance o
f

bay dunes

and beaches. Dunes, beaches, and wetlands are

critical habitats for a diverse array o
f

estuarine

flora and fauna. Depending o
n the grain size o
f

the

eroding shoreline, the introduced sediments can

provide valuable habitat in the form o
f

sandy

beaches, o
r

conversely, fine-grained clays that can

remain suspended for long periods in the water

with consequent negative effects o
n the ecosystem.

The wave action also serves to transport sediments

along the shoreline in a down-drift direction, and
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can resupply beaches along the shore. In some

locations in the bay, the rate o
f supply o
f

coarser

sediments can produce areas where the shoreline

has accreted over recent, relatively short time peri-

ods. However, erosion is the dominant effect o
f

the

combined action o
f

rising sea level and waves.

Sediment derived from shoreline erosion

includes not only fine-grained silts and clays that

can remain suspended in the water column for

extended periods and result in significant light

attenuation, but also includes sand- and gravel-

sized components that settle a
t

the base o
f

the

eroding shore-forming beaches. These beaches can

serve to buffer the shoreline from the encroaching

waves and rising seas while providing potentially

valuable habitat that commonly is lacking in the

Chesapeake. Thus, protecting the shorelines from

erosion may have the unintended consequence o
f

further eliminating critical habitat in the bay. In

Virginia, the eroding shorelines consist o
f approxi-

mately 33- percent sand and gravel (Ibison and oth-

ers, 1990; 1992). In Maryland, the percentage

reported in mass calculations ( 3
5 percent) was sim-

ilar (Kerhin and others, 1988). Recently, additional

sampling in Maryland yielded a
n average bank

composition o
f

47- percent sand and gravel ( Hill

and others, oral commun., 2003)). Thus, although

estimates vary, a
t

least one-third o
f

fastland shore-

line erosion contributes to nearshore sandy sedi-

ments (

fi
g 5.5) that have little influence o
n light

attenuation, although two-thirds, o
r

3.6 x 106 met-

r
ic tons

y
r
-

1
,

has the potential to remain suspended

in the water column.

Oceanic Input

Sedimentation in the southern part o
f

Chesa-

peake Bay has been the subject o
f

numerous

detailed studies over the past 4
0 years. In the

southern bay, large quantities o
f

sediment are

derived from inflow from the Atlantic Ocean conti-

nental shelf through the mouth o
f

the bay because

o
f

tides and ocean currents and from coastal ero-

sion o
f

headlands along the bay margins (Harrison

and others, 1967; Meade, 1969; Meade, 1972). The

mouth o
f

the bay is characterized b
y complex sedi-

mentary processes that result from variations in

the tidal prism, fluvial input to the estuary, storm

conditions in the estuary and in the ocean, and

mutually exclusive ebb- and flood-dominated

channels ( Ludwick, 1975). Estimates o
f

sediment

influx through the mouth have relied o
n bottom-

sediment sampling (Byrne and others, 1980), long-

term averaging from geological and geophysical

studies (Colman and others, 1988), mineralogical

data (Berquist, 1986), and short-lived radioisotopic

studies o
f

sediment cores (Officer and others,

1984). This section discusses those aspects o
f

sedi-

mentation in the southern bay most relevant to

issues o
f

water clarity.

Studies o
f

long-term sedimentation in the

southern bay indicate that subsurface Holocene

sediment is filling the former Susquehanna River

channel (Colman and others, 1988). This suggests

that the majority o
f

sediment entering the bay

through the mouth has been, and continues to be,

relatively coarse sands. The historical southward

progradation o
f

the southern tip o
f

the Delmarva

Peninsula completely covering the pre-Holocene

Susquehanna River channel a
t

the mouth o
f

the

bay (Colman and others, 1990) attests to the south-

ward movement o
f

large quantities o
f

sand along

the Atlantic Coast o
f

the peninsula. These sands

not only extended the peninsula tip over the earlier

location o
f

the incised Susquehanna River channel,

but sub-surface bedforms reveal the movement o
f

large quantities around the peninsula tip and into

the bay (Colman and others, 1988; Colman and

Hobbs, 1987).

Analysis o
f

successive bathymetric surveys

conducted from the mid-1800s to the mid-1900s

and analyses o
f

bottom sediments show significant

accumulations o
f sediment in the region o
f

the

mouth relative to other parts o
f

the bay (Byrne and

Anderson, 1977; Byrne and others, 1980; Kerhin

and others, 1988; Hobbs and others, 1990; 1992).

These studies suggest that the volume o
f

sediment

that has accumulated in the bay during the 1840-

1940 period cannot b
e accounted for solely from

shoreline erosion, biogenic production, and river-

ine input. The volume o
f

sand- sized sediment

exceeded the available sources b
y a factor o
f

between 2.7 and 7.6. The range is dependent o
n the

levels o
f

confidence that were ascribed to the

bathymetric changes observed in comparing the

historical surveys. Most o
f

this difference in the

sand-sized fraction o
f

quantifiable sediment was in

the Virginia part o
f

the bay. Finer-grained muds

exceeded quantifiable sources b
y a factor o
f

2.4, a

value less than that forsands, but still large (see

below). Consequently, Hobbs and others (1990)

concluded that input o
f

ocean- source sediment

from the adjacent Atlantic Ocean into the mouth o
f

the bay must b
e a significant source o
f

the total

sediment deposited in the bay. Examination o
f

rel-

atively long- term Holocene (10,000 year) deposi-

tional records for the main stem o
f

the Chesapeake
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Bay also indicates that very large sediment vol-

umes have been deposited in the bay mouth area

and northward to the southern end o
f

Tangier

Sound (Colman and others, 1992). These data indi-

cate that the greatest sediment volume is associ-

ated with the bay mouth. This suggests that,

averaged over the Holocene, the continental shelf

has been a more significant source o
f

sediment to

the bay than the Susquehanna River and other

watershed tributaries (Colman and others, 1992).

Although sand is the predominant sediment

type in the southern bay, the transport o
f

fine-

grained sediment northward from the southern

regions and from the main stem bay into larger

tributaries cannot b
e dismissed. In a comprehen-

sive survey o
f

the distribution, physical properties,

and sedimentation rates in the Virginia part o
f

the

bay, Byrne and others (1980) reached the following

conclusion:

“…channels leading to the James and York tribu-

taries are mud a
s

are the entrance channels and

basis o
f

the embayments o
f

Mobjack, and

Pocomoke and Tangier Sounds.”

They also concluded that:

“The deposition patterns suggest that there is

appreciable advection o
f

fine sand from the bay-

mouth region to a
t

least 3
5 kilometers u
p the bay.

The area o
f

deposition is argued to occur a
s

a con-

sequence o
f

net up-bay estuarine circulation

through the deep channel along the eastern

shore.”

Byrne and others (1980) also commented on

the discrepancy between the sediment budget o
f

Schubel and Carter (1976), based o
n

salt flux calcu-

lation, which could not account for the large vol-

ume o
f

sediment deposited since the 1840s.

Schubel and Carterhad proposed that there is net

import o
f

sediment from main stem to larger tribu-

taries:

“ I
f indeed the tributaries are sinks for materials

transported from the bay, then the apparent discrepan-

cies between bottom accumulation and the previous esti-

mates o
f

source strength are enlarged. I
f the tributaries

are sources rather than sinks, and if the bay mouth is a

stronger source than hitherto estimated, then the order

o
f

magnitude discrepancy

fo
r

silt and clay accumulation

would b
e reduced” (emphasis b
y

original authors).

This conclusion suggests that significant

amounts o
f

finer-grained material is entering the

bay from

it
s mouth and that the sub-estuary rivers

are a potential source o
f

fine sediment to the bay

(see also Hobbs and others, 1990). Evidence that

finer-grained particles derived from the southern

bay, possibly fromoceanic sources, reach even far-

ther up the bay was discussed in Hobbs and others

(1990) who, quoting the work o
f Halka, concluded

that:

“ silts are transported much farther up- estuary

than had previously been reported.”

Other evidence supports the idea that

although sand- size material dominates the surface

sediments in the southern bay, fine-grained clays

and silts also are accumulating in some areas a
t

a

rapid rate. In Chapter 2 o
f

this report, the

extremely high TSS loads during the winter o
f

1992

near the mouth o
f

the bay indicated a large poten-

tial source for transport northward. Officer and

others (1984) reviewed sediment flux rates for the

entire bay on the basis o
f

lead-210 dating o
f

sedi-

ment cores and determined that sediment mass

accumulation rates in the southern bay equaled

those o
f

the northern bay where Susquehanna

River inflow dominates a
s a sediment source.

Officer and others found that southern bay mass

accumulation rates ranged from 0.1 to

0.8 g m
-

2

y
r
-

1
.

Studies o
f

drift buoys also show that

surface currents are capable o
f

carrying fine-

grained sediments fromthe bay mouth region far

to the north. Harrison and others (1967) showed

that bottom drifters released on the shelf have been

recovered a
s

far north a
s

Tangier Sound, suggest-

ing that suspended material has the potential for

transport relatively farup the bay in the landward-

flowing denser saline water.

In summary, sediment in the southern bay is

derived mainly from the adjacent ocean with a
n

unknown contribution from shoreline erosion

along the bay margins. These sources contribute to
relatively high long-term sedimentation rates in

the southern main stem bay and in adjacent

sounds and embayments. Although much o
f

the

sediment deposited in the southern bay is sand-

sized, part is composed o
f

clay and silt- sized mate-

rial and there also is good evidence for

it
s signifi-

cant net up- estuary transport. Because this

material has the potential to influence water clarity

in the shallow-water bays and sounds o
f

the bay,

further study o
f

sediment transport and deposition

in the southern bay may b
e beneficial.
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Internal Sources o
f

Sediment

This section describes ( 1
)

biogenic produc-

tion o
f

shell material b
y phytoplankton and

benthos in the bay and ( 2
)

particulate matter gen-

erated internally in the Pocomoke River Basin.

Brief mention also is given to the role o
f SAV in

sedimentation.

Biogenic sediments generated within Chesa-

peake Bay itself can b
e defined broadly a
s any

material consisting o
f

the remains o
f

organisms

generated within the estuary b
y

skeletal formation

o
r

organic production. This would include diatom

siliceous skeletal material, dinoflagellate cysts, cal-

careous shells o
f

benthic organisms (mainly fora-

minifera, ostracodes, mollusks), sponge spicules

(siliceous), fish scales and bones (mainly phos-

phatic), and organic matter from in-situ. Diatoms,

forexample, can constitute 5
-

1
0 percent o
f

dry sed-

iments, and calcareous shells can constitute a
s

much a
s 5 percent. Biogenic suspended matter o
f

most concern in terms o
f

water quality can b
e

viewed a
s

those components in the water column,

mainly phytoplankton (diatoms and dinoflagel-

lates) and zooplankton. Historically, increasing

turbidity in the bay, due in part to biogenic sus-

pended matter, has been hypothesized a
s a contrib-

uting factor to the decline in SAV for a
t

least

2
0 years (Orth and Moore, 1983).

A review o
f

the literature o
n biogenic com-

ponents o
f

sediment in Chesapeake Bay can b
e

summarized in two seemingly contradictory con-

clusions. First, in a comprehensive review o
f

sedi-

ment characteristics in the bay and

it
s tributaries

that provided quantitative estimates o
f

sediment

sources and budgets, Nichols and others (1991)

concluded that biogenic production and consump-

tion were “neglected since they are usually small.”

I
f one accepts this conclusion, and in light o
f

the

lack o
f

biogenic sediment data in most previous

studies o
f

Chesapeake Bay sediments, it would a
t

first appear that in-situ generated suspended mat-

ter is not quantitatively significant in the overall

sediment budget o
f

the bay.

Second, in one o
f

the few studies to consider

the composition o
f

suspended sediments in the

bay, Biggs (1970) concluded that skeletal material

and organic production contributed 1
8 and

2
2 percent, respectively, to suspended matter in the

mid-bay. In the northern bay, these values were

only 2 percent, being overwhelmed b
y

riverine

input from the Susquehanna River. Biggs did not

consider the southern bay. Extensive literature

published since the studies o
f

Nichols and others

and Biggs suggests that biogenic material is a
n

important component o
f

suspended matter in the

bay and has probably become more important in

the past few decades, a
t

least in many areas.

Overall organic productivity (driven b
y

nutrient influx, including silica) has increased sub-

stantially during the 20th century. This assertion is

based o
n trends in chlorophyll a (Harding and

Perry, 1997), biogenic silica (Cooper and Brush,

1991; Colman and Bratton, oral commun., 2003),

diatom floras (Cooper, 1995), dinoflagellates (Wil-

lard and others, 2003), carbon and nitrogen iso-

topes (Bratton and Colman, written commun.,

2003), and organic biomarkers (Zimmerman and

Canuel, 2000). Much o
f

this increase has taken

place since the Biggs study in the 1960s. This sug-

gests the biological component o
f

suspended mat-

ter in the bay is in a
ll likelihood progressively

increasing, although seasonal and interannual

variability is great. Biological processes play a
n

important role in the production, transport, and

fate o
f

particulate sediment within and down-

stream o
f

the Estuarine Turbidity Maximum (ETM)

zone (discussed in Chapter 6
)

o
f

the bay and

it
s

large tributaries (Kemp and Boynton, 1984; Fisher

and others, 1988) together with tidal resuspension

and other processes (Sanford and others, 1991).

Organic- inorganic coupling greatly affects particle

settling time that, together with physical processes,

will determine whether material is deposited in the

ETM zone, advected laterally, o
r

transported

downstream o
f

the turbidity maximum zone. Ulti-

mately, these processes affect water quality in large

parts o
f

the northern bay and under certain condi-

tions the mid-bay. Moreover, biotic processes pro-

duce organic carbon, which modulated by regional

physical processes (mainly river discharge, sedi-

ment grain size), influences the amount o
f

carbon

burial in bay sediments (Hobbs, 1983).

Although SAV beds themselves are not a

direct source o
f

sediment, they can influence sedi-

mentary processes in coastal ecosystems. Among
their potential effects in Chesapeake Bay and

it
s

tributaries, SAV can slow water velocity, increase

particulate settling rates, improve water clarity,

control sediment dynamics, and effect nutrient

cycling and water chemistry. Thus, SAV has been

referred to a
s “biological engineers.” Because plant

biomass varies seasonally, it is likely there is a tem-

poral pattern to SAV- influenced processes and the

magnitude o
f

the effect o
f

these processes should

vary with SAV abundance and distribution. Little
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research has been carried out o
n these influences in

the Chesapeake Bay. Further research that leads to

a
n understanding o
f

these estuarine and hydro-

geomorphological processes would b
e beneficial.

Ground water o
f

the Pocomoke River Basin

is rich in reduced iron, particularly in the

Nassawango subbasin where bog iron deposits

along the flood plain o
f

Nassawango Creek were

stripped in the mid-1800s to supply a
n iron smelter

near the town o
f

Snow Hill. The rate o
f

bog- iron

formation was s
o rapid that areas could b
e re-

stripped in a matter o
f

a few years. Bog iron is still

forming in this area, and in other parts o
f

the

Pocomoke Basin. Ferrous iron concentrations in

excess o
f

2
0 ppm has been measured in ground

water. When this water emerges a
t

the surface o
r

is

discharged into the river system, it rapidly oxi-

dizes to a
n amorphous particulate iron oxyhydro-

xide that in time crystallizes to form the mineral

goethite.

The iron in this system is important for a
t

least two reasons. First, iron strongly sorbs phos-

phorus and many trace metals. Early reports o
n the

composition o
f

the Nassawango bog ore indicate

that it commonly contained up to 1
0 percent phos-

phorus, which made the pig iron smelted from this

ore brittle upon cooling (Singewald, 1911). Second,

the iron precipitating in the rivers increases turbid-

ity, which reduces light penetration to rooted

aquatic vegetation and effects other organisms b
y

coating gills and interfering with oxygen transfer.

The first effect will play a role in the behavior and

cycling o
f

phosphorus in the system; the second

effect will impact biota in the system.

In the fall o
f

two very dry years (1999 and

2001), a USGS study found the rivers in the central

part o
f

the Pocomoke River Basin appeared quite

turbid (visual examination) although there had

been n
o storms to wash sediment- laden runoff into

the rivers. Samples o
f

the particulate matter creat-

ing the turbidity were iron-rich and displayed a

weak x
-

ray diffraction pattern o
f

goethite. Some

organic material, probably algae, also seemed to

contribute to the turbidity, but this has not yet been

investigated. Whatever the mix o
f

materials that

caused the turbidity, they were generated inter-

nally in the rivers and were not contributed b
y

runoff.

I
f

a
ll the sediment erosion and runoff were

eliminated in the Pocomoke River Basin, it would

have n
o

effect o
n the turbidity generated b
y

the

iron oxyhydroxide mechanism. Any practice rec-

ommended to reduce suspended sediment in these

waters must take internally generated “sediment”

into consideration. Best-management practices for

sediment control in the watershed will probably

have little effect o
n the turbidity generated b
y

internal processes.

In summary, in-situ biological processes are

fueled by external nutrient influx, modulated b
y

climate and river discharge variability, and influ-

enced by estuarine circulation, tides, and wind.

Well- documented temporal trends o
f

the past cen-

tury in organic production, phytoplankton ecol-

ogy, riverine nutrient and sediment influx,

although not usually considered in analyses o
f bay

sediment, suggest that biological components o
f

Chesapeake Bay sediment are even more impor-

tant than they were 40- 5
0 years ago. Although

quantitative estimates o
f

the relative contribution

o
f

in-situ biogenic material in various regions o
f

the bay cannot b
e made with certainty o
n the basis

o
f

current data, it is likely that efforts to reduce

nutrient influx would improve water clarity by

reducing biogenic sediment.

Direct Atmospheric Input

Direct atmospheric input o
f

particulate mat-

ter to the Chesapeake Bay and tributary surface

waters is not anticipated to b
e a major contributor

to the total sediment load to the system. The mag-

nitude o
f

sediment particulate input has been esti-

mated from conversations with and information

provided b
y

Dr. Joel Baker (University o
f

Mary-

land Center for Environmental Science, oral com-

mun., 2003). This work stemmed frompreliminary

sediment- budget calculations performed for Balti-

moreHarbor and the estuarine part o
f

the Patapsco

River, a
s

part o
f

a cooperative program examining

contaminants in the harbor bottom sediments

(Baker and others, 1997).

Particulate matter in the atmosphere that is

deposited o
n the surface o
f

the bay and

it
s tributar-

ies can b
e separated into two components: wetfall

and dryfall. Suspended particulates in rainwater

(wetfall) is estimated to b
e 1 mg L
- 1

o
r

1 g m
-

3
.

With rainfall averaging about 1 m

y
r
-

1
,

the direct

input o
f

particulates to surface waters is

1 g m
-

3

y
r -

1
.

Dryfall is estimated in the following

manner. The concentration o
f

particulate matter in

the atmosphere is estimated to b
e

1
0

_
g

m
-

3
.

Assuming a
n aerodynamic mass median diameter

o
f

1 _m, these particles settle a
t

a rate o
f

approxi-

mately 0.1 cm sec- 1
.

Multiplying the concentration
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b
y

the settling velocity b
y

the number o
f

seconds

per year yields a value for particulate delivery to

surface waters o
f

0.31 g m
-

3

y
r
-

1
.

Because a part o
f

the atmospheric particulates are soluble, with

ammonium sulfate being the dominant aerosol

species, the dry deposition flux that contributes to

suspended load o
f

surface waters is approximately

0.15 g m
-

3

y
r
-

1
.

The total particulate load delivered

b
y

the atmosphere is estimated to b
e

1.15 g m
-

3

y
r
-

1
.

A data set from a
n urban location maynot b
e

directly applicable to areas o
f

the bay that are bor-

dered b
y

forests, suburban housing, o
r

farmed

fields. However, the concentrations utilized proba-

bly represent a reasonable median between, for

example, forests that deliver little to the atmos-

pheric load and recently tilled fields that on windy

days may provide a substantial amount o
f

dryfall

to adjacent water bodies. The total atmospheric

load is assumed to provide a reasonable approxi-

mation o
f

direct sediment input to the bay and

it
s

tributaries.

The total surface area o
f

the main stem o
f

the

Chesapeake Bay is approximately 6.5 x 109 m
,

and

the total surface area o
f

the bay plus the tidal tribu-

taries is 11.5 x 109 m (Cronin, 1971). Thus, the total

flux o
f atmospheric particulates to the main stem

bay is 7.5 x 109 g

y
r
-

1
,

and to the bay and the tidal

tributaries is 1.3 x 1010 g

y
r
- 1

(8.0 x 103 and 1.4 x 104

metric tons y
r
-

1
,

respectively). A simple method to

characterize the magnitude o
f

these terms is to

compare them to the suspended sediment load

supplied b
y

the Susquehanna River, which has

been well characterized b
y

the USGS a
s

part o
f

the

Chesapeake Bay RIM Program. The mean annual

sediment load supplied b
y

the Susquehanna River

between 1979 and 2001 was 1.2 x 1012 g

y
r
-

1

(Michael Senus, U
.

S
.

Geological Survey, oral com-

mun., 2003). Thus, the estimated total wetfall and

dryfall associated atmospheric particulate load

represents 0.5 percent o
f

the suspended sediment

load supplied by the Susquehanna River.



C H AP T E R 6 6
1

CHAPTER 6
.

ESTUARINE SEDIMENT

TRANSPORT, DEPOSITION,

AND SEDIMENTATION
b
y Thomas Cronin,

1 Lawrence Sanford,
2

Michael Langland,
1 Debra Willard,

1

and Casey Saenger1

This chapter discusses the transport, deposi-

tion, and sedimentation (accumulation) o
f

sedi-

ment in the estuary. Climatic variability and

extreme meteorological events exert a strong influ-

ence on sediment movement in the estuary over

different time scales b
y

affecting river discharge,

estuarine circulation, and salinity. Sediment depo-

sition is inherently related to sediment erosion,

transport, and re-suspension and involves com-

plex processes operating over different time scales.

Although the Chesapeake Bay is one o
f

the most

studied estuaries in the world, there are many

unknown aspects to sedimentation processes in the

bay. The discussion and papers cited provide a

valuable source o
f

information about the processes

controlling sedimentation. These processes are s
o

interwoven that the discussion o
f

one cannot b
e

separated easily from the others. Therefore, some

discussion involves multiple processes and is over-

lapped intentionally.

Sediment Transport Pathways

The major pathways o
f

sediment transport

in the northern, central, and southern bay and the

major tributaries are shown in figure 6.1, which is

modified from Hobbs and others (1990). The path-

ways have been determined from a wide variety o
f

studies o
f

estuarine circulation and stratigraphy,

and are based o
n sedimentation rates from sedi-

ment cores, modern and historic sediment compo-

sition and distribution o
f

sediment, total

suspended solids concentration data, and other

sources. This figure also shows information o
n sed-

iment sources to the bay (Chapter

5
)
.

I
t features the

following major characteristics o
f

sediment

sources, transport, and deposition:

• a large input o
f

sediment from the ocean

near the mouth o
f

the bay,

• a net southward flow o
f

sediment down
the axis o

f

the northern and central main

channel (mostly derived from the Susque-

hanna River),

• a
n influx o
f

sediment from eroding head-

lands along the margins o
f

the bay,

• sediment transport from the main stem

bay into major tributaries (except during

extreme high flow events when sediment

can b
e exported into the bay).

Most researchers agree on these broad pat-

terns that reflect the major physical processes (cli-

mate, currents, tides, and density-driven estuarine

circulation) and topographic and geomorphic

characteristics o
f

the bay region, which govern sed-

imentation in the estuary (see reviews b
y Hobbs

and others, 1990; Halka, 2000).

Although figure 6.1 indicates major trans-

port pathways, it should b
e emphasized that finer-

scale patterns o
f

sediment transport and deposi-

tion can vary greatly depending o
n the region,

location, and time scale o
f

the study. Reasons for

this variability and the effects o
f

this variability

will b
e discussed in the remaining sections o
f

this

chapter. Also note that o
n figure 6.1, there is n
o

correlation between the size o
f

the arrows and the

amount o
f sediment transported.

Estuarine Turbidity Maxima Zone

The northern main stem bay and larger tidal

tributaries have a
n Estuarine Turbidity Maxima

Zone (ETM zone)—a region where fine-grained

particulate material is “trapped,” deposited, and

sometimes resuspended and redeposited ( fig. 6.2).

The ETM zone is a result o
f

complex physical pro-

cesses (freshwater inflow, tidal and wave- driven

currents, gravitational circulation), particle floccu-

lation, and biogeochemical processes (Sanford and

others, 2001). Within the ETM zone, high rates o
f

fine particle introduction from the watershed

together with the physics o
f

estuarine circulation

maintain a
n area o
f high concentrations o
f

sus-

pended sediment and reduced light availability.

In the Chesapeake Bay, the main ETM zone

is north o
f Baltimore and was the focus o
f a num-

ber o
f

studies in the late 1960s and early 1970s that

defined the ETM zone (Schubel, 1968a, 1968b;

Schubel and Biggs, 1969; Schubel and Kana, 1972).

From these studies, it was determined the main

ETM zone o
f

the Chesapeake Bay is associated

with the input o
f

sediment and freshwater from

1

U
.

S
.

Geological Survey.

2
University o
f

Maryland, Center for Environ-

mental Science.
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Figure 6.1. Major pathways o
f

sediment transport in Chesa-

peake Bay (from Hobbs and

others, 1990). (Note, the

thickness o
f

arrows does not

equate to amount o
f

mass

transported.)
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the Susquehanna River. Recent study o
f

the upper

Chesapeake Bay ETM zone led Sanford and others

(2001) to conclude that asymmetrical tidal resus-

pension and transport are primarily responsible

for the maintenance o
f

the ETM zone a
t

the limit o
f

saltwater intrusion. This is in contrast to the earlier

Chesapeake studies that ascribed the formation o
f

the ETM zone primarily to gravitational circulation

patterns but is quite similar to recent studies o
f

ETM zones in other locations. However,

a
ll the

studies have confirmed the importance o
f

resus-

pension processes to the maintenance o
f

high con-

centrations o
f

suspended sediment and associated

light attenuation. Without the effects o
f

tidal resus-

pension, the rapidly settling aggregates o
f

fine par-

ticles would remain o
n the bottom.

Each o
f

the tributary systems have a
n associ-

ated ETM zone near the upstream limit o
f

saltwa-

ter intrusion. Examples have been noted in the

Rappahannock (Nichols, 1977), the Potomac

(Knebel and others, 1981), and the York (Lin and

Kuo, 2001) Rivers. Analysis o
f

Chesapeake Bay

water- quality monitoring data sets for the Patux-

ent and Choptank Rivers indicate the appearance

o
f

similar turbidity maxima zones in these smaller

Figure 6.2. General location o
f

turbidity maxima (dark areas) for the major tributaries and the

bay (Marsha Olsen, U
.

S
.

Environmental Protection Agency, written commun., 2002).
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sub-estuaries (Larry Sanford, unpub. data, 2003).

Some tributaries have more than one ETM zone

(Lin and Kuo, 2001), probably because o
f

multiple

convergent transport zones. An additional com-

plexity, which is not well understood, is the poten-

tial for seasonally varying sediment trapping in the

ETM zone (Sanford and others, 2001).

Extreme events like flooding and drought

involving the mobilization and transport o
f

sedi-

ment in the watershed influence the movement o
f

the ETM zone up and down in the tidal estuaries

and the main stem o
f

the bay. The ETM zone typi-

cally is near the freshwater/ saltwater interface

where a large percentage o
f

riverine sediment is

trapped. Major stormsand increased river dis-

charge deliver higher sediment loads to the estuary

and can shift the location o
f

the ETM zone several

tens o
f

kilometers downstream, allowing sediment

to “escape” the usual ETM zone. However, the

majority o
f

fine-grained river-borne sediment is

trapped in ETM zones and only escapes the upper

reaches o
f

the northern Bay and upper parts o
f

tributaries during extreme hydrologic events.

These limitedresults must b
e regarded a
s

tenta-

tive, however, because most studies have focused

o
n relatively short time scales (days to weeks, with

a few interannual comparisons).

Influence o
f

Climate

Climatic variability and extreme meteorolo-

gical events strongly influence sediment and nutri-

ent transport to the Chesapeake Bay and

it
s tribu-

taries. During periods o
f

high precipitation and

above- mean river discharge, climate-driven pro-

cesses can lead to scouring o
f

sediments from

behind dams, increases in suspended solids in the

water column, shifts in the position o
f ETM zones,

export o
f

sediment from ETM zones, increased

mean turbidity, and other changes in sedimentary

processes. Conversely, during periods o
f

drought

such a
s

that seen during late 2001- early 2002, rela-

tively low freshwater flows can contribute to high

water clarity and relatively robust growth in SAV
beds. This section briefly describes climate pro-

cesses operating over long term (millennial), inter-

mediate (centennial, decadal, interannual), and

short-term (extreme events, seasonal) time scales

derived from a selective review o
f

the literature.

A more detailed review o
f

the general subject o
f

climate- driven changes in freshwater flow to estu-

aries and

it
s physical, chemical, and biological

effects was provided b
y Albers and others (written

commun., 2003).

Long- Term Processes

Geophysical surveys and stratigraphic and

radiocarbon studies o
f

long sediment cores have

documented the long- term history o
f

Chesapeake

Bay. These studies show that the bay formed dur-

ing the early Holocene period, about 8,000 years

before present ( y
r

BP), when a rising sea level

flooded the ancient Susquehanna River Valley

(Colman and others, 1988; Cronin and others,

2000). Relative sea level has continued to rise

because o
f

subsidence o
f

the mid-Atlantic region

due to post- glacial isostatic adjustment (Ellison

and Nichols, 1976; Peltier, 1996; Kearney, 1996; Col-

man and others, 2001; Bratton and others, 2002,

Cronin and others, 2003).

Since

it
s inception, the bay has been the site

o
f

sediment accumulation, which reaches a total

thickness o
f

25- 3
0 m in some parts o
f

the main

channel o
f

the bay. On the flanks o
f

the bay,

Holocene sedimentary sequences consist mainly o
f

sandy sediments and are relatively thin because o
f

the winnowing action o
f

waves, currents, and tides

that tend to transport fine-grained sediment from

the flanks to the deeper channel.

Long sediment cores have penetrated

through the entire Holocene sequence into fluvial

sediments. Coupled with geophysical surveys,

these records indicate that complex long-term sedi-

mentation patterns characterize parts o
f

the bay.

For example, some regions have experienced sev-

eral thousand years o
f

relatively continuous depo-

sition, followed by n
o net sediment deposition for

several thousand years. These stratigraphic uncon-

formities represent either periods o
f

non-deposi-

tion o
r

deposition followed b
y

substantial periods

o
f

submarine erosion. I
t
is difficult to explain this

intermittent Holocene sedimentation over millen-

nial time scales. Most likely, climatological factors

may influence erosion and sediment transport

from rivers and geologic processes, such a
s

litho-

logic composition o
f

pre-Holocene sediments, pre-

Holocene topography inherited from late-Pleis-

tocene low sea level, and submarine gravity sliding

and tidal currents, govern long- term sedimenta-

tion patterns and rates. Unconformities have been

recognized in sediments deposited in various areas

during the early (8,000- 10,000 y
r

BP), middle

(~ 3,000- 6,000 y
r

BP), and late Holocene (3,000 y
r

BP to present). Even in cores containing a fairly

continuous record o
f

deep channel sedimentation

over several millennia, significant lithologic

changes in the sediment composition are common.
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These most likely signify changes in sediment

source, currents, tides, and circulation, o
r other fac-

tors.

Rising sea level during the past 8,000 years

(see also Sediment Rates section below) also has

had a
n

effect o
n sediment sources and transport to

Chesapeake Bay because o
f

it
s influence on cliff

and coastal marsh erosion. In general, rising sea

level leads to submergence o
f

land areas and has

the potential to increase the proportion o
f

sedi-

ment derived from coastal erosion relative to sedi-

ment fromriverine, oceanic, and biogenic sources.

Over the past century, the rate o
f

relative sea-level

rise in the Chesapeake Bay region has been about

twice the global rate because o
f

regional land sub-

mergence caused b
y

post- glacial isostatic adjust-

ment. Estimates o
f

future rates o
f

global sea-level

rise from natural and anthropogenic causes (such

a
s

global warming) are subject to large uncertainty.

However, despite this uncertainty, the bay area will

continue to experience submergence and large-

scale coastal erosion over the next century because

o
f

continuing regional subsidence. This means

that, without management o
f

coastal zones, a large,

perhaps increasing, contribution o
f

future sedi-

ment will come from shoreline sources.

Centennial, Decadal, and Interannual Time Scales

Climate processes operating over centennial,

decadal, and interannual time scales are the subject

o
f

intensive research programs aimed a
t

distin-

guishing natural climate variability and

it
s causes

from human-induced 20th century climate change

(
“ global warming”). The causes o
f

regional climate

variability are still poorly understood. Several

studies o
f

the sedimentary record in the bay have

demonstrated that the mid-Atlantic region in gen-

eral, and Chesapeake Bay in particular, have expe-

rienced quasi- cyclic oscillations in precipitation

and temperature over the past few millennia.

Stratigraphic and paleoecological evidence

from changes in salinity-sensitive foraminifera

indicate salinity oscillations o
f

10- 1
5 ppt in the

mesohaline region a
t

11-m water depth during the

past 500 years (Cronin and others, 2000). Fourteen

“wet-dry” cycles, including 16th and 17th century

“mega- droughts” could b
e recognized that

exceeded 20th century droughts in their severity.

Wet periods occurred nearly every 60- 7
0 years,

lasting less than 2
0 years; the mean annual rainfall

was 25- 3
0 percent above normal, and freshwater

discharge was about 5
0 percent greater than dur-

ing droughts. Climatological processes (increased

precipitation and river discharge) also are partially

responsible forbroad ecosystem degradation and

greater hypoxia since the 1960s. This also may
reflect the combined effects o

f lower dissolved oxy-

gen (DO) and decreased water clarity (Karlsen and

others, 2000). Although the direct effect o
f

these

well- documented climatological processes on sedi-

mentation are uncertain, the paleoecological pat-

terns suggest a multi-decadal pattern o
f

improved

water clarity during relatively dry intervals, and

decreased clarity during extended wet periods.

These climate-driven estuarine changes are super-

imposed o
n long-term ecosystem response to land

clearance and nutrient influx (Brush, 1984; Cooper

and Brush, 1991; Willard and others, 2003).

Decadal to centennial oscillations in Chesa-

peake Bay temperatures have been discovered o
n

the basis o
f

the trace element chemistry in fossil

ostracode shells from well- dated sediment cores

(Cronin and others, 2003). These studies indicated

changes in mean spring-summer water tempera-

tures o
f

several degrees Celsius during the Medi-

evalWarm Period (800-1400 AD) and Little Ice Age

(1400- 1900 AD) and that 20th- century temperature

extremes exceeded those o
f

the past 2,200 years.

Although not directly related to sedimentary pro-

cesses, these results suggest the mid-Atlantic

region is sensitive to natural and anthropogenic

climate variability over time scales pertinent to

long-term water-quality management.

Interannual and decadal quasi- cyclic oscilla-

tions o
f

sedimentation are recorded in physical,

chemical, and biological records in many sediment

cores. For example, physical and chemical sedi-

mentary changes are evident in oscillations o
f

sedi-

ment color measured using Kodak Grey Scale

imagery (KGS). Alternating light and dark sedi-

mentary layers reflect changes in sediment

geochemistry and grain size related to hypoxia and

methane production (Hill and others, 1992). These

changes have been identified in a number o
f

long

sediment cores in the main stem o
f

the bay

( T
.

Cronin, U
.

S
.

Geological Survey, written com-

mun., 2003). A
t

a site off the mouth o
f

the Little

Choptank River, a nearly completed integrated

study conducted b
y the USGS and Maryland Geo-

logical Survey has documented episodic (cycles o
f

~ 2
-

4 and 10- 1
5 years) changes in sediment source

using KGS, cesium- 137, and micropaleontology

( T
.

Cronin and J
.

Hill, oral commun, 2003). The

data imply that over the past century, year- to-year

changes in sediment source are a characteristic o
f
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a
t

least this region o
f

the bay. During wet years,

greater proportions o
f land surface and coastal

marshsediments are deposited; during relatively

dry years, sediment from riverine input and (or)

re-suspension dominates.

There is a large body o
f

literature using the

bay’s paleoecological and geochemical record

recovered from sediment cores to document

changes in the bay ecosystem caused b
y

post-colo-

nization land clearance, and more recently, fertil-

izer application and elevated nutrient influx (see

Cooper and Brush, 1991; Karlsen and others, 2000,

Colman and Bratton, 2003; Cronin and Vann, 2003).

Most o
f

these studies have focused on issues

related to DO levels in the bay. Although the effect

o
f

land-use activities o
n DO is severe and well doc-

umented, the effect o
f

climate variability is also o
f

great significance for sediment flux and tempera-

ture variability. This is because even the most

ambitious restoration efforts will not return the

watershed to pre-colonization conditions. Addi-

tional investigations o
f

the influence o
f

climate

variability o
n sediment flux into and within the

bay would lead to further understanding o
f

this

issue.

Short-Term Extreme Events

Extreme meteorological events such a
s

stormsand hurricanes can lead to flooding, peri-

ods o
f

extremely high TSS loading, and massive

sediment transport. Flooding mobilizes, trans-

ports, and delivers large amounts o
f

sediments in a

relatively short time, potentially resulting in both

immediate and lasting environmental damage.

Perhaps the most well-studied extreme event was

Hurricane Agnes in June 1972 that has been cred-

ited with initiating a decline in the SAV popula-

tions o
f

the bay that, according to some

researchers, have yet to recover in certain regions

(Davis and Laird, 1976; Orth and Moore, 1983). The

Agnes- induced floods o
f

June 1972 in the Susque-

hanna River Basin had nearly the same peak dis-

charge a
s

floods caused b
y events in January

1996—about 1 million

f
t
3

s
-

1
(

410 million gal min- 1
)

(Langland and Hainly, 1997). The total streamflow

discharge was approximately double for the June

1972 flood compared to the January 1996 flood; the

sediment load during the 1972 flood was triple the

1996 sediment load ( 3
0 million tons compared to

1
0 million tons, respectively). More sediment was

available and transported to the upper bay because

o
f

increased land disturbance in summer (1972)

compared to winter (1996).

Monitoring records o
f

suspended sediment

are useful indicators o
f extreme events in relation

to more typical “ average hydrological” conditions.

From 1979 to 2001, the average annual sediment

load delivered to the Chesapeake Bay from the

major sub- basins a
t

the Fall Line was estimated to

b
e approximately 4 million tons. (During the

period 1979 to 1984, the loads represented the com-

bined input fromthe three largest rivers (Susque-

hanna, Potomac, and James). During this time

period, the average annual sediment load trans-

ported was more than doubled ( 1
0 million tons) o
n

four occasions, 1979, 1984, 1985, and 1996, totaling

approximately 6
0 millionstons o
f

sediment. In

1972, a
n estimated 3
0 million tons o
f

sediment was

delivered to the upper bay. These extreme events

a
ll were related directly to tropical storms that

delivered unusually large amounts o
f

rainfall over

large land areas. An exception was 1996, when

heavy rains, deep snow pack, and above normal

winter temperatures combined to create a
n

unusual sequence o
f

events resulting in high flows

and scouring o
f

reservoir sediments in the lower

Susquehanna River. The scoured sediments were

the dominant source o
f

the transported sediment

(Langland and Hainly, 1997). Conversely, the

annual sediment load was nearly half ( 2.5 million

tons) the long-term average o
n eight

occasions: 1981, 1991- 92, 1995, 1997, 1999- 2001.

The majority o
f

the watershed had a precipitation

deficit since 1999. The average annual sediment

load for1999- 2001 was less than 1 million tons,

one- fifth o
f

the annual long-term sediment load.

The greatest effects o
f

extreme events like

flooding and drought involve the mobilization and

transport o
f

sediment in the watershed and the

movement o
f

the ETM zone up and down in the

tidal estuaries and in the main stem o
f

the bay

(fig. 6.2). The ETM zone typically is near the fresh-

water/ saltwater interface where a large percentage

o
f

riverine sediment is trapped. Major storms and

increased river discharge deliver higher sediment

loads to the estuary and can shift the location o
f

the ETM zone several tens o
f

kilometers down-

stream, allowing sediment to “ escape” the ETM
zone. Some tributaries have more than one ETM
zone. The most upstream ETM zone probably

reflects the riverine source; the downstream ETM

zone would b
e dominated b
y

shoreline erosion,

resuspension, and fine-sediment input fromthe

bay. An additional complexity, however, is a sea-

sonality to storm-induced sedimentary trapping in

the ETM zone (Sanford and others, 2001).
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In summary,episodic events, interannual

and decadal variability, and long-term changes in

mean climatic conditions are

a
ll characteristics o
f

natural processes affecting the bay system. In light

o
f evidence that humans have altered the global

climate system, producing anomalous climate

behavior in many regions, it is important to obtain

a better understanding o
f

the regional climate

behavior and

it
s effect o
n the bay. Although statis-

tics on trends in streamflow and precipitation can

indicate the probability o
f

a
n extreme, short-term

event taking place during a given time span, the

actual prediction o
f

a time and place is very impre-

cise a
t

best, if not impossible.However, improved

predictability o
f

interannual climate variability

associated with E
l

Nino-Southern Oscillation now

is applied routinely when trying to solve agricul-

tural and environmental problems. Recent

advances have been made in regional climate

models for the mid-Atlantic (Crane and Hewiston,

1998; Jenkins and Barron, 1996; Najjar, 1999), and

these have been applied to predictions o
f

future

salinity change in the bay (Gibson and Najjar,

2000). Similar efforts are needed to understand

future changes in sediment flux that will result

from more frequent extreme climate events and

greater interannual variability. Coupled with better

understanding o
f

the patterns and causes o
f

past

climate and sediment variability, predicting future

changes in regional mid-Atlantic climate using

regional climate models could b
e

a
n important

component o
f

future research, planning, and man-

agement.

Deposition and Sedimentation Rates

Most researchers define sedimentation rate

a
s

the linear accumulation o
f

sediment in centime-

ters per year and convert this rate into volumetric

estimates o
f

sediment flux, o
r

mass accumulation

rate (MAR), usually given in grams per square

meter per year o
r gramsper cubic centimeter per

year. These conventions are followed here and in

tables 6.1 and 6.2, and form the basis o
f

discussion

for the remainder o
f

this chapter. Table 6.1 pro-

vides a
n abstracted summary o
f

each publication’s

region o
f

investigation, methodology, and esti-

mated sedimentation rates. Table 6.2 is a selective

summary o
f

published studies covering many

regions in the bay area. Because o
f

widely varying

field and analytical methods, statistical techniques,

and the temporal and spatial variability in sedi-

mentation, it is recommended strongly that the

reader examine the original papers o
f

interest for

details.

A variety o
f

approaches have been used to

study patterns and processes o
f bay sedimentation

(table 6.1). These include the following methods:

geophysical surveys (determining rates o
f

the past

7,500 years o
f

estuarine sedimentation), bathymet-

r
ic surveys (comparing 19th and 20th century

bathymetry), short-lived radioisotopes (137Cs,

210Pb), other chemical markers(useful for the past

century), and pollen stratigraphy (mainly Ambro-

sia, ragweed, pollen) correlated with land-use

changes (documenting post- colonization land-

clearance rates). Monitoring methods not included

in tables 6.1 o
r

6.2 include instrumental measure-

ment o
f

total suspended solids in water samples

and satellite imagery and remote sensing.

Radiocarbon (14C) dating has been used to

estimate sedimentation rates in Chesapeake Bay.

However, measured radiocarbon ages are a func-

tion o
f

complex processes including cosmogenic

radiocarbon production in the atmosphere, carbon

cycling in the hydrosphere and biosphere, and the

potential uptake o
f

reservoir (
“ old”) carbon into

different types o
f

carbonaceous material (such a
s

wood, peat, total organic carbon, shells). Radiocar-

bon ages that have not been calibrated to the global

carbon cycle can provide inaccurate ages and, in

the case o
f

many ages published for Chesapeake

Bay, can lead to erroneous estimates o
f

sedimenta-

tion rates.

Three broad, well-supported conclusions can

b
e drawn from the data in tables 6.1 and 6.2. First,

sedimentation rates are relatively high—o
n the

order o
f

0.1 to 1 cm

y
r
-

1
—

compared to those char-

acteristic o
f

other aquatic environments such a
s

most lakes, deep sea habitats, bays, and estuaries.

Because the bay was flooded by sea- level rise

about 8,000- 7,500 years ago, a
s much a
s

25- 3
0 m o
f

sediment have accumulated in the main channel,

and thick accumulations o
f

sediment characterize

the marshes o
f

the bay. High sedimentation rates in

the channel reflect in part the sediment-trapping

capability o
f

partially mixed estuaries. This is the

result o
f

several factors, some o
f

which are dis-

cussed below.

Second, sedimentation rates vary widely

depending on the region. Forexample, sedimenta-

tion rates can easily vary five- to ten- fold (0.1 to

greater than 1.0 cm

y
r
-

1
)

over small and large spa-

tial scales. Spatial variability is evident especially

throughout the main stem o
f

the mid-bay and

locally in small sub- estuaries such a
s

the Rhode

River and tributaries entering the Potomac.
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Table 6.1. Summary o
f

sedimentation rates in Chesapeake Bay and tributaries from selected published studies

[m, meter; cm, centimeter; g
,

gram; yr, year; NA, not applicable; <
,

less than; >
,

greater than; Pb, lead; C
,

carbon; Pu, plutonium; Cu, copper; Cs, cesium; TSS, total

suspended solids;

-
-
, no data]

Core Reference Location

Water

depth

(m)

Mean annual

linearsediment

rate

(cm / yr)
1

Mean annual

sediment flux

(g / cm- 2
/

yr)
1

Time

interval
Method Comments

PC-6 Adelson and others (2001); Helz and

others (2000)

Main stem o
f

Calvert Cliffs

20 3.1- 4.2

0.11

1.2- 1.36

0.07

Post- colonial

Pre-colonial

14C (210Pb, Pu,

Cu peak)

Discontinuity in Sedimentation

Gmss 16,

Gmssc

Adelson and others (2001) Main stem off

Patuxent

NA 2.84 1.07 Post- colonial 210Pb

Cornwell and others (1996) Mid- bay

main stem

17.5

1
5

-
-

-
-

2.4

1.8

Post- colonial 210Pb

Roberts and Pierce (1976) Patuxent NA 3.70 5.5- 7.45 1970s TSS

Hobbs and others (1992); Kerhin and

others (1988)

Baywide Various 0.64 NA 1840s- 1950s Bathymetic survey

Officer and others (1984)

(Summarizes Hirschberg and

Schubel, 1979; Helz and others,

2000; and Goldberg and others,

1978)

North bay

Mid bay

South bay

4
-

3
2

8
-

3
3

4
-

1
3

-
-

-
-

-
-

0.3-1.2

0.1-0.3

0.1-0.8

20th century

20th century

20th century

210Pb, 137Cs,

239/ 240Pu

Episodic sedimentation noted.

Donoghue (1990) Rhode River NA 0.07- 0.47

0.5- 1.5

NA Pre-colonial

Post- colonial

14C, 210Pb, 137Cs See Donoghue (1990) for variations in Rhode River

and summary o
f

other studies.

Defries (1986); Brush and others

(1982); Knebel and others (1981)

Potomac East

Potomac East

0.3-12.8 >0.1-> 0.47

0.21-> 1.14

2
> 0.05- 0.19

0.09 -
> 1.0

Post- colonial

Post- colonial

Pollen, 210Pb, 137Cs Lower rates near mouth, highest upper est. and

tributaries, pre-colonial rates given.

Brush (1984, 1989) Furnace bay

Magothy

Nanticoke

~ 1

-
-

-
-

0.17- 0.39

0.04- 0.23

0.2

0.15- 0.20 Post- colonial

Post- colonial

Post- colonial

Pollen

Pollen

Pollen

X broke down upper- mid-lower est. All post-land

clearance European rates. Rates in paper vary b
y

time, period, region, core.

Brush (1984) Patuxent ~ 5 0.51 Post- colonial

Brush (1984)

1
0 Tributaries Various 20.17- 0.35 0.14- 0.18 Post- colonial Mean post-European rates, vary location, tributary.

Cooper and Brush (1991, 1993) Mid bay 9
-

15.1 0.17- 0.31 Post- colonial 210Pb, 137Cs,

14C, Pollen

Some pre-colonial dates given.

Khan and Brush (1994) Jue bay High marsh

intertidal

0.15- 0.89 ~ 0.09- 0.52 Post- colonial Pollen

Khan and Brush (1994) Patuxent Low marsh 0.18- 0.7 0.09- 0.56 Post- colonial Pollen

Brush and Davis (1984) Ware River 2.5- 7.0 0.36- 0.39 Post- colonial

Brush and Hilgartner (2000) 36 cores,

8 tributaries

< 1
-

2.2 0.02- 3.0 Post- colonial Pollen, 14C Sedimentation rates vary temporally and spatially.

Approx. range given.

Pasternak and Brush (2001) Bush River Various NA 1 Recent Monitoring

Halka (2000) Entire bay Various 3
<

0.1-0.5 ~ 0.04- 0.2 Holocene Geophysical survey

Zimmerman and Canuel (2000) Mid- bay 1
5 1.0-1.67 0.477 Post- colonial 210Pb, 137Cs,

Pollen

Sedimentation rate varies.

Cutshall and others (1981) James River NA 1.0-19.0 NA 20th century 137Cs

Donoghue and others (1989) North bay NA 0.35 0.27 Post- colonial 137Cs

NOTE: See individual papers fo
r

methods, error bars. Values were rounded when multiple papers gave slightly different values.

1 When range is not given, values are means.
2

1600- 1700s.

3
Mean ~0.15.
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Table 6.2. Summary o
f

chronological and sedimentary rate data

f
o

r

Chesapeake Bay

[ m
,

meters; cm, centimeters; g
/ cm2, grams per square centimeters; RW, Ragweed;

-
-
, no data; Cs, cesium; C
,

carbon]

Region Core

Water

depth

(m)

Latitude

(degrees)

Longitude

(degrees)

Date

cored

Coring

method

Core

length

(cm)

Depth

to

137Cs

peak

(cm)
1

Depth

to

rag-

weed

peak

(cm)
2

Depth

range

o
f

rag-

weed

peak

(cm)

Depth

to

14C

950

y
r

date

(cm)

Age

14C

date

( y
r

BP)
3

Mean

annual

lin.

sed. rate

post-

RW
(cm/ yr)

Mean

annual

lin. sed

rate

pre- RW
( cm/ yr)

Post- RW
sed. flux

( g
/ cm2 y
r
-

1
)

Pre- RW
sed. flux

( g
/ cm2 y
r
-

1
)

Comments/ sources

IMAGES

Cruise

MD99- 2205 16.0 3
8 33.95N 76 26.66W June 21, 1999 Calypso 673 -
- 130 -
- 300 466 1.0833 0.4293 0.3683 0.2318 Unconformity a
t

300 cm / Cronin

and others (2000)

IMAGES

Cruise

MD99- 2207 25.0 3
8 01.83N 76 12.88W June 21 ,1999 Calypso 2,070 -
- 139 20 173 950 1.1583 .0386 .3938 .0209 Cronin and others

(2000)

IMAGES

Cruise

MD99- 2209 26.0 3
8 53.18N 76 23.68W June 22, 1999 Calypso 1,720 94 221 20 510 950 1.8417 .3284 .6262 .1773 NAO paper age

model /

Cronin and others,

(2000)

Patuxent

Transect

PTXT- 2
- G 11.5 3
8 19.58N 76 23.54W Sept. 18, 1996 Gravity 116 36 68.5 8.5 -
-

-
- .5708 -
- .1941 -
- Gravity core depth

1.2
1

Main stem AZM3 15.0 3
8 34.05N 76 26.76W March 1
, 1996 Kasten 242 51 111 20 -
-

-
- .9250 -
- .3145 -
- Cs peak from

A
. Zimmerman

Bachelors

Point

Core 695

3
8 40.03N 76 10.648W Piston 300 -
- 30 10 -
-

-
- .2500 -
- .0850 -
- From G
.

Smith, Md.

DNR

Mid-Bay CB MB- 2

(Parker)

25.1 3
8 33.079N 7
6 26.0297W June 6
,

2001 Piston 494 -
- 120 4
0

-
-

-
- 1.0000 -
- .3400 -
- From A
.

Mannino,

USGS

Mid-Bay CB-2207 26.1 38 12.822N 76 12.876W June 6
,

2001 Piston 476 -
- 145 15 -
-

-
- 1.2083 -
- .4108 -
- From A
.

Mannino,

USGS

Potomac River DEFRIES- 5
-

1 5.8 38 16.735N 76 49.722W Sept. 19-20,

2001

Piston 210 -
- 9 -
- 139 950 .0750 .1477 .0255 .0798 New data

Little

Choptank

LCHPT- 1
-

P
- 4&5

14.9 38 31.493N 76 18.212W Piston 400 150 271 30 -
-

-
- 2.2583 -
- .7678 -
- New data

Potomac River NKL-12- 1 6.9 38 10.101N 76 43.168W Sept. 19-20,

2001

Piston 200 -
- 31 -
- 107 950 .2583 .0864 .0878 .0466 New data

Potomac River NKL-16- 1 7.4 3
8 06.334N 76 34.193W Sept. 19-20,

2001

Piston 154 -
- 9 -
- 86 950 .0750 .0875 .0255 .0473 New data

Potomac River NOMBAY- 1 5.2 3
8 08.898N 76 43.173W Sept. 19-20,

2001

Piston 200 -
- 61 -
- 98 950 .5083 .0420 .1728 .0227 New data

Pocomoke

Sound

PC2B- 1&2 7.9 37 53.433N 75 48.409W Sept. 18, 2001 Piston 480 -
- 240 20 -
-

-
- 2.0000 -
- .6800 -
- RWfrom short core /

new data

Pocomoke

Sound

PC3B 11.4 37 50.741N 75 48.745W May 15, 2001 Piston 177 -
- 200 20 -
-

-
- 1.6667 -
- .5667 -
- RW peak est from

forams / new data

Pocomoke

Sound

PC4B 27.3 37 48.300N 75 50.301W May 15, 2001 Piston 122 -
- 37.5 7.5 -
-

-
- .3125 -
- .1063 -
- New data

Pocomoke

Sound

PC6B- 1&2 15.3 37 44.913N 75° 52.333W Sept 18, 2001 Piston 476 -
- 240 20 450 476 2.0000 .5172 .6800 .2793 RWfrom short core /

new data
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Parker Creek/

Choptank

PRCK- 1
-

P
-

1 10.7 38 32.8657' N 76 28.7112W Sept. 23, 1996 Piston 315 -
- 46 6 141 950 0.3833 0.1080 0.1303 0.0583 New age model /

Cronin and others

(2000)

Parker Creek/

Choptank

PRCK- 3
- P 24.3 38 32.6359' N 76 25.6199W Oct. 9
,

1996 Piston 452 -
- 5 0 160 950 .0417 .1761 .0142 .0951 New age model /

Cronin and others

(2000)

Potomac

Transect

PTMC- 3 23.1 38 01.6118' N 76 13.1938W Sept. 25, 1996 Piston 452 29 77 6 278 950 .6417 .2284 .2182 .1233 Cronin and others

(2000)

Patuxent

Transect

PTXT- 2
-

P
-

3&5 11.5 38 19.584' N 7
6 23.548' W June 20, 1998 Piston 400 -
- 101 1
0 397 609 .8417 .5492 .2862 .2965 Cronin and others

(2000)

Patuxent

Transect

PTXT- 3
-

P
-

2 22.5 3
8 20.0007' N 7
6 18.5801W Sept. 20, 1996 Piston 432 -
- 11 5 59 950 .0917 .0545 .0312 .0295 Uppermost E Hol

14C date used /

new data

Patuxent

Transect

PTXT- 4
- P 15.5 38 21.480N 76 20.251W June 1
,

1999 Piston 500 -
- 10 NA 67 950 .0833 .0648 .0283 .0350 RWis <20cm depth /

new data

Potomac River WICO- 1 9.8 38 16.769N 76 49.369W Sept. 19- 2
0

2001

Piston 210 -
- 129 -
- 135 300 1.0750 .0261 .3655 .0141 New data

1
Approximately 1963- 64.

2
1880

+
/-

2
0 years Willard and others, 2003.

3
Age in calendar years before present (1950) using CALIB 4.1 program.

Table 6.2. Summary o
f

chronological and sedimentary rate data

f
o

r

Chesapeake Bay—Continued

[ m
,

meters; cm, centimeters; g
/ cm2, grams per square centimeters; RW, Ragweed;

-
-
, no data; Cs, cesium; C
,

carbon]

Region Core

Water

depth

(m)

Latitude

(degrees)

Longitude

(degrees)

Date

cored

Coring

method

Core

length

(cm)

Depth

to

137Cs

peak

(cm)
1

Depth

to

rag-

weed

peak

(cm)
2

Depth

range

o
f

rag-

weed

peak

(cm)

Depth

to

14C

950

y
r

date

(cm)

Age

14C

date

( y
r

BP)
3

Mean

annual

lin.

sed. rate

post-

RW
(cm/ yr)

Mean

annual

lin. sed

rate

pre- RW
( cm/ yr)

Post- RW
sed. flux

( g
/ cm2 y
r
-

1
)

Pre- RW
sed. flux

( g
/ cm2 y
r
-

1
)

Comments/ sources
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Third, independent researchers using differ-

ent methods have produced generally similar

quantitative estimates o
f

sediment rate and flux,

regardless o
f

the scope o
f

the study. This fact indi-

cates a high degree o
f confidence that the values

given in tables 6.1 and 6.2 are relatively accurate

and support the conclusions o
f

several prior

researchers (for example, Kerhin and others, 1988;

Donoghue, 1990; Halka, 2000).

Three major hypotheses about the patterns

o
f

sedimentation in the Chesapeake Bay estuary

have emerged over the past few decades largely o
n

the basis o
f

historical patterns. These concern

( 1
) sediment trapping in the ETM zone, ( 2
)

tribu-

tary and bay “import export” o
f

sediment, and

( 3
)

legacy sediments. These concepts are s
o perva-

sive in the bay community that it is useful to sum-

marize their basic tenets and mention some

uncertainties surrounding them.

The northern main stem bay and larger tidal

tributaries have a
n ETM zone—a region where

fine-grained particulate material is “ trapped,”

deposited, and, sometimes resuspended and rede-

posited. I
t generally is believed that the majority o
f

fine-grained river-borne sediment is trapped in

ETM zones and only escapes the upper reaches o
f

the northern bay ( o
r

upper parts o
f

tributaries)

during extreme hydrological events. Most studies

o
f

the ETM zone have focused o
n relatively short

time scales (sub- annual to interannual).

The ETM zone hypotheses explain many

aspects o
f

observed suspended material in the bay

and

it
s tributaries; however, it should b
e noted that

other studies have indicated more sediment may

b
e “escaping” the ETM zone than previously

believed. For example, certain geochemical tracer

data indicate sediment has been transported over

longer time scales than current studies would indi-

cate from the northern bay to a
t

least to the mid-

bay (Darby, 1990; Helz and others, 2000). In the

main stem bay, Schubel and Pritchard (1986) esti-

mated that the ETM zone migrates 40- 5
5 km sea-

ward during flood events, which would lead to

southward export o
f

a least some Susquehanna

River sediment. On the basis o
f

isotopic analyses o
f

sediments from the central main stem bay, Helz

and others (2000) concluded that the source o
f

some mid-bay sediment was the Susquehanna

River. These studies suggest that sediment

“escapes” the ETM zone, which is especially

important because the processes involve mainly

fine-grained suspended sediments o
f most concern

for water clarity.

The second hypothesis about sedimentation

can b
e referred to a
s

the tributary “ import-export”

hypothesis. This idea holds that there is a net

import o
f

sediment fromthe main stem bay into

larger tidal tributaries except during extreme high

flow events when some sediment is exported from

tributaries to the main stem. The tributary import-

export hypothesis is a
n idea that has not been

tested in detailed field studies to the extent that

quantitative estimates o
f

import-export can b
e

derived for each tributary. In the Rappahannock

River estuary, Nichols (1977) indicated 1
0 percent

o
f

the sediment discharged b
y Hurricane Agnes in

1972 escaped the Rappahannock River into the bay.

In the York River system, the sediment load near

Gloucester Point (about 1
0 km upstream o
f

the

estuary mouth) typically involves landward trans-

port o
f

sediment ( J
.

Herman, Virginia Institute o
f

Marine Science, oral commun., 2003), whereas sea-

ward transport is associated with episodic, ener-

getic events such a
s storms and hurricanes (Gao

and Collins, 1997; Geyer and others, 2001). Satellite

data also show export o
f

suspended material from

tributaries into the bay during relatively wet peri-

ods (Stumpf, 1988). Bottom- sediment surveys in

the southern bay (Byrne and others, 1980) and

other lines o
f

evidence (Officer and Nichols, 1980;

Lukin, 1983) also indicate the hypothesis is true.

The issue o
f import/ export to and from trib-

utaries also pertains to the issue o
f

sediment

sources to the mid-bay, a region where input o
f

suspended material from the north (mostly Sus-

quehanna River inflow) and ocean- source sedi-

ment from the south are thought to contribute

relatively small proportions o
f

the total sediment

flux. Although Officer and others (1984) concluded

that sedimentation rates in the central main stem

o
f

the bay were lower than those in the northern

and southern bay, there is nonetheless a thick accu-

mulation o
f

Holocene sediment in many parts o
f

the central bay. I
f northern and southern sources

are minor in the mid-bay, then it is difficult to

account for the thick accumulation o
f

sediment in

parts o
f

the main stem o
f

the central bay, even with

large contributions fromshoreline erosion. Export

from the northern ETM zone, import o
f

fine-

grained sediment from the southern bay, and sedi-

ment export fromtributaries

a
ll contribute to sedi-

ment flux into the central bay, although the relative

contributions o
f each have not been quantified.
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The third major hypothesis pertains to the

effect o
f

large-scale deforestation fromagriculture

and timber production o
n sediment flux to the bay.

This hypothesis commonly is expressed in the idea

o
f “ legacy” sediment—a concept derived largely

from studies o
f

fluvial systems. I
t implies that part

o
f

the sediment originating from cleared lands has

been trapped in transit in rivers and the upper

parts o
f

tributaries and has not yet reached the

lower reaches o
f

tidal tributaries o
r

the Chesa-

peake Bay itself.

Although land clearance in the Chesapeake

Bay watershed has n
o doubt led to large-scale ero-

sion, it is still not known what proportion o
f

sedi-

ment eroded since land clearance began remains

trapped in uplands and stream channels, and how
much has been transported to the lower tidal

reaches o
f

tributaries o
r

to the main stem o
f

the

bay. Several studies have concluded that sedimen-

tation rates and fluxes have increased from

between three- to tenfold a
s a result o
f

extensive

18th- and 19th- century land clearance. I
t has been

suggested that this human- induced historical

increase in sediment flux is manifested in the high

rates o
f

sedimentation measured in the upper parts

o
f

tributaries wheremost o
f

the eroded sediment is

deposited.

A possible indicator for depositional events

is paleoecological evidence from the central bay for

historical degradation in phytoplankton communi-

ties (diatoms in Cooper and Brush, 1993;

dinoflagellates in Willard and others, 2003). How-

ever, some phytoplankton communities also are

influenced strongly b
y

eutrophication, and it is dif-

ficult to separate the effects o
f

increased turbidity.

Except for the few studies o
f

the paleoecology in

the main stem, field studies o
f

sedimentation dur-

ing the past few centuries have focused o
n rela-

tively small sub- estuaries and include little o
r

n
o

data o
n sediment accumulation downstream in

more distant regions (Defries, 1986). Moreover, a
s

described below, published pre-colonial rate com-

parisons are based on poorly dated Holocene sedi-

ments and should not b
e used for evaluating

temporal variability in rates. Consequently, the

effect o
f

land clearance o
n diminished water clarity

and bay faunas and floras is uncertain.

One way to address the issue o
f

land-use

effects on sedimentation in Chesapeake Bay is to

compare pre-colonial “natural” and historical

(since 1880) sedimentation flux estimated from

sediment cores obtained o
n cruises between 1996

and 2002. As part o
f

a larger study o
f

sedimenta-

tion in Chesapeake Bay, the USGS tested the

hypothesis that land-use changes have led to large-

scale increases in sedimentation. The analysis used

pollen stratigraphy o
f

core samples and calibrated

radiocarbon ages to evaluate rates o
f

sedimenta-

tion over the last thousand years within different

regions o
f

the bay ( table 6.1).

The peak abundance o
f

ragweed (Ambrosia)

pollen in sediment cores was used a
s

a
n age

marker for the period from A
.

D
.

1880 to 1900. Peak

ragweed abundance has been dated directly using

short-lived radioisotopes in several sediment cores

and it correlates with historical records o
f maxi-

mumtimber production and large-scale land clear-

ance about from1880 to 1900 A
.

D
.

(Brush, 1989;

Willard and others, 2003). I
t should b
e emphasized

that the ragweed peak used fordating is not the

same a
s

the initial rise in ragweed pollen, which is

a valuable time marker used in many studies to

date the earlier 18th- century land clearance. The

temporal variability in the percentage o
f

ragweed

pollen in core MD99- 2209 from the channel off the

mouth o
f

the Rhode River is shown in figure 6.3.

The pre-historical value o
f

about 1 percent rose to

near 1
5 percent during the ragweed period. The

midpoint o
f

the ragweed maximum between 201-

241 cm was used to calculate sediment flux since

about 1890 AD. There is some subjectivity in iden-

tifying the ragweed peak due to variability in sedi-

mentation a
t

different core sites, and processes o
f

pollen transport and deposition. This event is

nonetheless a useful time marker for obtaining a

first approximation o
f

the mean annual sediment

flux during the past 100 years o
r

so.

For each core, a linear age model for the sed-

imentary sequence deposited prior to the ragweed

peak was developed using radiocarbon dates o
n

marine-estuarine mollusk and foraminiferal shells.

Radiocarbon ages based o
n total organic carbon

material gave ages about 1500 –2000 years too old

because o
f

“old carbon” and were not used (Col-

man and others, 2001). An age-depth model for

core MD99- 2209 from the main channel off the

mouth o
f

the Rhode River is shown in figure 6.4.

The linear age model has a correlation coefficient

(

r
2
)

o
f

0.98. The stratigraphic position o
f

the maxi-

mumproportion o
f

ragweed pollen also is shown.

I
t can b
e seen that the stratigraphic interval near

540- 550 cm core depth is dated a
t about 1000 y
r

B
.

P
.

Thus, for core MD99- 2209, about 300 cm o
f

sediment accumulated between 1000 and

1880 A
.

D
.

(between 550 and 260 cm core depth).
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Using these methods to estimate mean

annual sedimentation rate, linear accumulation

rates for the post-1880 and pre-1880 intervals were

converted into mass flux for each sediment core.

The sediment flux in 1
6 cores for which only his-

torical sediment fluxes were calculated based on

sediment thickness above ragweed peak is shown

in figure 6.6. A comparison between pre- and post-

1880 rates for 2
4 cores is shown in figure 6.5. The

patterns seen in figure 6.5 confirm observations

from prior studies discussed above that historical

sedimentation rates vary b
y about a
n order o
f

magnitude throughout the bay area (fromless than

0.1 to 0.8 g cm-2

y
r
-

1
)
.

Some o
f

the highest rates

were in Pocomoke Sound (PC6B), the northern

main channel (MD2209), and off the mouth o
f

the

Little Choptank River (LCHPT- 1
-

P
- 4&

5
)
.

Some o
f

the lowest rates were in the Potomac River tribu-

tary (NKL- 12-1 and NKL-16-

1
)
.

Some sites (for example, MD99- 2209) have

about a four- fold greater sediment flux during the

last century than during the prior 1,000 years

(fig. 6.5). These results confirm the general conclu-

sions o
f

other studies o
f

sediment cores for the cen-

tral main stem discussed b
y Cooper and Brush

(1991), Cronin and others (2000), and Colman and

Bratton (2003). However, a
t many sites the histori-

cal rates have been roughly equal to o
r

have

exceeded pre-historical (1000- 1880 A
.

D.) rates.

There are several possible explanations o
f

these results. The most likely explanation is that

prior paleoecological studies were, b
y design,

focused o
n regions in the bay characterized b
y

fairly continuous sedimentation and relatively

high sedimentation rates a
t

least a
t

interannual

time scales (bay sediments usually do not preserve

seasonal patterns o
f

sediment). High sedimenta-

tion rates and continuous accumulation provide a

high temporal resolution with minimalgaps in the

stratigraphic record and are ideal for paleoecology

and the reconstruction o
f

ecosystem history a
t

dec-

adal and centennial time scales. However, using

only cores with continuous sedimentation and

stratigraphy introduces a bias when evaluating

spatial patterns o
f

sedimentation, because areas o
f

slow accumulation o
r

erosion are excluded. The

results presented in figures 6.5 and 6.6 clearly

include core sites where relatively little sediment

has accumulated ( o
r

has accumulated and has

since been eroded) during historical time. The evi-

dence suggests that pre-historical sedimentation a
t

some o
f

these sites was a
s rapid a
s during histori-

cal time.

Figure 6.3. Proportion o
f

ragweed ( Ambrosia)

pollen in core MD99- 2209 showing the peak in

ragweed between 201- 241 centimeters depth

corresponding to maximumagricultural and

timber production land clearance (Modified

from Willard and others, 2003).
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Figure 6.4. Age-depth model

fo
r

core MD99- 2209 showing series o
f

radiocarbon ages (calibrated to

years before 1950) and 2 sigma error bars.
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Figure 6.5. Comparison o
f

historical (1880- present) and long- term sediment flux a
t

core sites in

Chesapeake Bay (determined b
y methods and data described in table 6.1).
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Figure 6.6. Estimates o
f

sediment flux a
t

different core sites in the Chesapeake Bay, calculated b
y

determining the amount o
f

sediment lying above the peak in ragweek pollen and converting to mass

(based on data in table 6.2).
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Another possible factor is that the physical

processes, such a
s tides, currents, and estuarine cir-

culation change, over decades to centuries altering

sedimentation. Erosion and deposition o
f

sediment

is extremely dynamic and variable over seasonal

and interannual time scales in some parts o
f

Ches-

apeake Bay such a
s

the York River. Large- scale

shifts in sediment deposition and erosion also

occur over millennial time scales in Chesapeake

Bay a
s

illustrated b
y

the common occurrence o
f

stratigraphic unconformities representing tempo-

ral gaps o
f

several thousand years ( Cronin and

others, 2000).

I
t
is important to emphasize that this analy-

s
is was limited to sedimentation in the central bay

region a
t

water depths o
f

about 6
-

2
5 m and these

rates cannot b
e extrapolated to shallower water o
r

to the more proximal reaches o
f

tributaries. None-

theless, the results indicate that the effect o
f

histor-

ical factors o
n sediment and water clarity cannot

b
e extrapolated from one region to the entire bay.

These results also highlight a need for focused

research o
n sediment flux, land use, and physical

processes in the most critical habitats and regions

o
f

the bay.

Sediment Resuspension

Bottom sediments in the Chesapeake Bay

can b
e resuspended in response to tidal currents,

waves, and boating traffic and can b
e a significant

source o
f

the sediment load in the water column,

potentially increasing light attenuation. The

amount o
f

sediment introduced to the water col-

umn b
y resuspension is highly variable spatially

and temporally. Moreover, the ways physical forc-

ing mechanisms generate suspended sediment are

complex, and the transport o
f

the particles subject

to resuspension, including their settling rates and

eventual redeposition o
n the bottom, is only par-

tially documented. In different parts o
f

the estua-

rine system, the relative importance o
f

the major

mechanisms controlling resuspension can b
e

sig-

nificantly different. This section presents the cur-

rent understanding o
f

sediment resuspension in

the bay.

The importance o
f

tidal resuspension in fine-

sediment regions o
f

Chesapeake Bay and

it
s tribu-

taries has long been recognized (Sanford and

Halka, 1993; Schubel, 1968a; Schubel, 1969). Recent

study o
f

the upper Chesapeake Bay ETM zone led

Sanford and others (2001) to conclude that asym-

metrical tidal resuspension and transport prima-

rily are responsible for the maintenance o
f

the ETM
zone a

t

the limit o
f

salt intrusion. This is in contrast

to early studies that ascribed the formation o
f

the

ETM zone to gravitational circulation patterns.

They also confirm the importance o
f resuspension

processes to the maintenance o
f

this zone o
f

high

concentrations o
f

suspended sediment and associ-

ated light attenuation. Without the effects o
f

tidal

resuspension, the rapidly settling aggregates o
f

fine particles would remain o
n the bottom. Tribu-

tary estuaries o
f

the Chesapeake Bay system also

are characterized b
y

one, o
r

occasionally two, ETM
zones (Lin and Kuo, 2001; Nichols, 1974). Tidal

resuspension in the relatively sediment- starved

mid-estuary below the ETM zone is weaker but

still significant (Ward, 1985).

Wave- forced resuspension coupled with

wave- induced shoreline erosion in shallow (less

than 2 m deep) parts o
f

the estuarine system gener-

ally is understood to produce significant amounts

o
f

suspended sediment in the water column. How-

ever, relatively few site-specific studies o
f

this topic

have been conducted to date (Wilcock, 1998).

Those that are available are applicable only to a

particular location and time frame. Their results

cannot b
e extrapolated to the larger estuarine sys-

tem, due, in part, to the variable geometry o
f

the

Chesapeake Bay that results in both variable fetch

and wide ranges in nearshore bathymetry. Fetch

influences the ability o
f

local winds to generate

waves; local variations in bathymetry influence the

direction and energy o
f waves approachingshal-low-water zones and shorelines.

In the relatively deeper waters o
f

the Chesa-

peake system, wave- forced resuspension may b
e

significant under storm conditions and can domi-

nate the normal tidally induced resuspension sig-

nal (Sanford, 1994; Ward, 1985; Wright and others,

1992). The influence o
f

wind- wave bottom shear

stresses o
n sediment resuspension and subsequent

transport can b
e projected with advances in com-

putational power and numerical modeling tech-

niques (Lin and others, 1997; Lin and others, 2002).

Computer simulations suggest that wind- gener-

ated waves can produce significant bottom shear

stress, resulting in sediment resuspension. After

the physical forcing associated with the storm-

wave energy is reduced, the resuspended sedi-

ments settle rapidly to the bottom. The sediments

exhibit increased erodibility forsome period o
f

time thereafter (Sanford, 1994), thus increasing the

likelihood o
f

subsequent transport b
y lower

energy tidal currents.
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A similardependence o
f

bottom-sediment

grain size with storm-wave bottom shear stress has

been observed in intermediate water-depths in the

Chesapeake Bay (Nakagawa and others, 2000). In

that study, the bottom-sediment grain size was

related to strong wind events that occurred less

than 5
-

percent o
f

the time, not to the mean wind

speed for the area. The results o
f

these studies

point to the importance o
f

infrequent high-energy

events in sediment resuspension, transport, and

eventual distribution o
n the bottom o
f

the Chesa-

peake Bay. In the vicinity o
f

the bay mouth, long-

period swell waves with increased bottom shear

stress enter from the Atlantic Ocean and are likely

to resuspend more bottom sediment than storm

waves further up the estuary (Boon and others,

1996; Wright and others, 1992). These higher

energy waves in the southern bay could also influ-

ence the formation o
f

the secondary turbidity max-

imum in the York and similarsouthern bay sub-

estuaries ( C
.

Friedrichs and L
.

Schaffner, oral com-

mun., 2003).

In a
n effort to examine the relative magni-

tude o
f

tidal resuspension a
s

a
n instantaneous

source o
f

TSS in the upper bay, L
.

Sanford (Univer-

sity o
f

Maryland, Center forEnvironmental Sci-

ence, written commun., 2003) provided the SWGP
with estimates o

f

the amount o
f

sediment resus-

pension that occurs o
n a daily basis in the northern

Chesapeake Bay. These estimates are summarized

below because o
f

their significance to the question

o
f sediment resuspension. Note that these results

were generated for the main ETM zone o
f

the bay,

not the entire estuary. The estimates include a
n

estimated volume o
f water in the ETM zone (from

the mouth o
f

the Susquehanna River south to

Tolchester), the average background concentra-

tions o
f suspended sediment, o
r

that which is

present irrespective o
f

currents and bottom shear

stress, and the resuspended sediment concentra-

tion in that water volume. Using these values,

the TSS load in the ETM zone is

estimated to b
e approxi-mately 135,000

metric tons (MT) during maximum tidal

resuspension. This includes 90,000 MT

o
f

resuspended TSS per tidal cycle and

45,000 MT o
f back- ground TSS. The

estimated loading rate due to tidal

resuspension is 180,000 MT per day, but

this material also is redepos- ited twice

per day. This can b
e compared to the

estimated combined sediment input o
f

4,400 MT per day to this area o
f

the bay

from the Susquehanna River, shoreline

erosion, and internal productivity o
f

4,400 MT per day.

The relatively large value attributed to sedi-

ment resuspension is due to multiplication o
f

a

small number for suspended material per unit bot-

tom area times the relatively large bottom area o
f

the northern bay. A few caveats apply to these esti-

mates. The estimates were based o
n only a small

number o
f

study sites primarily in deeper waters

o
f

the ETM zone, such that the estimated total load

o
f

resuspended material must b
e considered very

preliminary. I
t
is not clear how much o
f

the resus-

pended deep-water sediment can b
e transported

laterally into shallower areas o
f

the estuary. Resus-

pended sediments tend to b
e more aggregated and

thus settle back to the bottom quickly, only to b
e

resuspended again in the next tidal cycle. This con-

tinued process o
f

deposition followed b
y resuspen-

sion results in the large total loads that are

calculated, but it also results in relatively short-

lived peaks in resuspended sediment concentra-

tion that are most pronounced near the bottom. I
t

should b
e noted that the sediment concentrations

that result fromresuspension are not from new
sediment being introduced to the system during

each tidal cycle, but are instead a recycling o
f

mate-

rial already in place.

Despite the uncertainties, a majorconclusion

that can b
e drawn fromthese estimates is that nor-

mal bottom-sediment resuspension processes

could b
e the dominant instantaneous source for

the suspended sediment load in the water column,

when considered in a highly averaged spatial con-

text.

In addition to natural processes o
f

waves,

currents, and tides, boating activity also can cause

sediment resuspension. A study o
f

boat-wake

effects on shore erosion in a
n area o
f

high recre-

ational boat use showed that boat wakes generated

less incident energy than normal wind- generated

waves (Zabawa and Ostrom, 1980). The major fac-

tor influencing shore erosion was a single storm

event during the study period, followed b
y wind

waves associated with normal wind levels. Recre-

ational boating undoubtedly has increased

throughout the bay region since that study, but it

remains unclear how significant the effect o
f

boat

wakes may b
e

o
n resuspension in nearshore areas.

I
t
is possible that larger effects result from repeated

generation o
f

boat wakes during periods o
f

high

recreational vessel use, such a
s summer weekends.
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The effects from the passage o
f

large commercial

ships has not been studied in the Chesapeake and

could b
e locally important because o
f

the higher

energy waves produced b
y

these ships. However,

the relatively infrequent passage o
f

these ships

would suggest that their importance is minimal

relative to wind- generated waves.

In summary,the ability to control resuspen-

sion in the Chesapeake Bay that results from tidal

currents and storm-generated waves is limited

because o
f

the extremely widespread sediment

source ( for example, the entire bay bottom). How-

ever, the processes that lead to sediment resuspen-

sion and subsequent transport into sensitive

habitat zones need to b
e more fully understood

through direct measurement coupled with the

development o
f computer models that simulate

resuspension in response to known physical mech-

anisms. With appropriate parameterizations repre-

senting sediment resuspension, deposition,

consolidation, and bed armoring, these models

could provide a
n understanding o
f

where manage-

ment actions can b
e most effective. The ability to

reduce resuspension may b
e limited to in
-

situ prac-

tices, such a
s breakwaters to reduce wave energy

o
r

the reestablishment o
f

a significant population

o
f

filter feeding oysters, that can b
e effective in

removing sediment from the water column. I
t has

been suggested that relatively high levels o
f

resus-

pendable sediment in the estuary may, in part, b
e a

legacy o
f

high sediment inputs from the watershed

over the past few hundred years. Continued efforts

to reduce sediment input fromthe watershed

eventually will reduce the pool o
f

resuspendable

sediment in the estuary itself, although there will

probably b
e a significant time lag before any posi-

tive benefits are noted.
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CHAPTER 7
.

INTEGRATED

APPROACHES TO SEDIMENT STUDIES

b
y Sean Smith,

1
Julie Herman,

2

Thomas Cronin,
3 Gregory Schwarz, 3

Michael Langland,
3 Kenn Patison,

4

and Lewis Linker5

Sediment Budgets: Watershed and Estuary

In this section, information related to the

development o
f

sediment budgets for the entire

bay, a tributary, o
r

a watershed are summarized.

A sediment budget is a conceptual simplification

o
f

the interactions between physical processes

involved in the conveyance (movement) o
f

sedi-

ment downstream (Dietrich and others, 1980). The

concept o
f

developing a sediment budget is based

o
n the conservation o
f

mass b
y accounting for sed-

iment sources, sinks, and yield (output) within a

watershed system (fig. 7.1). The fact that mass is

conserved theoretically provides a strong con-

straint o
n budgets b
y

requiring that inputs, stor-

age, and outputs b
e quantitatively balanced s
o

there is n
o unaccounted mass (Wilcock, 2002). The

mass balance approach is used to compensate for

the inability to obtain physical data for every part

o
f

study area.

The construction o
f

a budget is helpful for

developing linkages between erosion in upland

areas with subsequent sediment delivery down-

stream (Trimble and Crosson, 2000). Sediment-

budget information can b
e used to evaluate the

effects o
f

natural and unnatural disturbances o
n

sediment production and yield in the Chesapeake

Bay watershed. In addition, sediment- budget

information can b
e used to predict the effects o
f

land- use changes in the watershed on sediment

yield, to determine best-management practices,

and to guide the development o
f

diagnostic tools

to formulate strategies for land-use planning.

Although the general idea o
f

a watershed

sediment budget is not new, there is a
n increased

awareness in recent years that the residence time o
f

sediments within a drainage basin may b
e

a
n

important factor in determining the response o
f

river and estuarine systems to short-term land- use

changes (Phillips, 1991a). Improved understanding

and quantification o
f

the complex relations

between sediment source and storage components

through the development o
f a sediment budget

also enhances the ability to generate estimates o
f

watershed sediment residence time. The temporal

and spatial scales applied to a sediment budget

ultimately will determine what factors govern the

flux o
f

sediment. For large spatial o
r

long temporal

scales, the process-based budgeting approach can

b
e used to evaluate the effect o
f

long- term climatic

change o
n sediment production and yield to the

Chesapeake Bay. On smaller spatial and temporal

scales, development o
f

sediment budgets for small

watersheds can b
e used to evaluate cumulative

and short-term effects o
f

land- use modifications

and best-management practices in disturbed land-

use settings.

Watershed Components

Watershed components o
f

a sediment bud-

get may b
e described a
s upland erosion, upland

storage, wetland and ( or) floodplain storage, chan-

nel storage, streambank erosion, and load o
r

yield

a
t

the basin outlet. Many o
f

these components and

processes are discussed in previous chapters.

Within a watershed, the function and roles o
f

sedi-

ment sources and sinks relative to total- basin sedi-

ment yield can b
e highly variable, particularly

when land use has changed significantly over time

(Trimble, 1999). As a single flux term, large-scale

watershed sediment yield has limited value

because o
f

the difficulties in establishing linkages

with well-defined processes and in determining

sediment residence times in the watershed. Parti-

tioning the components o
f

a budget into functional

zones, such a
s sediment production, transfer, and

storage areas, can improve the estimation o
f

the

relative influence o
f

localized landscape settings

and land-use changes on overall sediment yield.

Development o
f

techniques that facilitate the

rigorous evaluation o
f

the sources and sinks in a

sediment budget is important for budget accuracy.

However, assembling the data necessary for such

accuracy is difficult (Walling, 1994). Balancing the

budget to obtain accurate estimates o
f

watershed

sediment yield requires that the error within each

component b
e minimized. The benefits o
f

reducing

error should b
e weighed against increased moni-

toring costs and transferability o
f

site-specific

results.

1
Maryland Department o

f

Natural Resources.

2 Virginia Institute

o
f Marine Science.

3

U
.

S
.

Geological Survey.

4
Pennsylvania Department o

f

Environmental

Protection.

5

U
.

S
.

Environmental Protection Agency.
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Sediment budgets can b
e compiled fora

wide spectrum o
f

spatial and temporal scales and

the relevance o
f

the components directly relate to

the spatial and temporal scales under consider-

ation. Spatial scales can range from small (channel

reach and shoreline lengths o
f

several to hundreds

o
f

meters) to watersheds draining small areas o
f

about 0.5 to 1 mi2, to watersheds over 100 mi2,up

to large basins the size o
f

the Chesapeake Bay

drainage basin. Sediment erosion is sometimes

estimated with reference to 10,000 to 1 million

years because o
f

the relevance to the long-term

evolution o
f

modern topographic conditions.

Chesapeake Bay sediment fluxes commonly are

evaluated over time periods from 100 to

10,000 years because o
f

the relevance to sea- level

changes, human effects under the current (2003)

climatic conditions, and a management perspec-

tive. Sediment loadings from land disturbance

usually focus o
n short-term and instantaneous

events such a
s

individual storms.

The physical processes controlling sediment-

budget components also can vary with time. These

changes in physical processes can contribute to

biases in results when interpreting data sets that

span different periods o
f

time (Johnson, 1990).

Temporal and spatial scales should b
e compatible

in a budget to produce robust results and practical

interpretations (Campbell, 1992). Because a
n

understanding o
f

the present- day system is needed

for management purposes, budget components

commonly are calculated on a
n annual basis using

information fromdecadal time scales. However,

budgets based o
n annual averages are not

designed to describe large sediment movements

during relatively short time intervals (Kleiss, 1996).

In the Chesapeake Bay watershed, sediment load-

ings associated with European colonization and

Figure 7.1. Watershed sediment, sinks and sources ( Modified from Jacobsen and Coleman, 1986).
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land- clearing activities generally are discussed rel-

ative to timescales o
f 1 to 3 centuries. The response

o
f

the landscape to land clearing and the resulting

increases in sediment supply can b
e evaluated o
n

the basis o
f geomorphic changes, such a
s the pres-

ence o
f

incised channels, the aggradation o
f

flood-

plain areas, and infill o
f

tidal estuaries. However,

sediment remobilized from long-term storage

areas can b
e wrongly identified a
s generated from

recent erosion in upland areas within a basin

(Campbell,1992).

In general, a comprehensive understanding

o
f

sediment transport and fate is considered essen-

tial for developing a sediment budget and design-

ing and implementing effective plans for sediment

management (Osterkamp and others, 1998; U
.

S
.

General Accounting Office, 1990). The accuracy o
f

sediment- flux estimates is compromised b
y

inher-

ent uncertainties in measuring sediment concen-

trations and b
y the highly episodic nature o
f

sediment movements, particularly when evaluat-

ing smallerbasins. However, for annual o
r

decadal

flux estimates, the methods generally are reliable if

calibrated with extended periods o
f

data (Robert-

son and Roerish, 1999). The Universal Soil Loss

Equation (USLE) (Natural Resources Conserva-

tion Service, 1983) is a
n engineering method

widely used for estimating sheet and rill erosion.

Although receiving substantial support within the

literature, the mathematical assumptions o
f

the

USLE recently have been questioned (Trimble and

Crosson, 2000).

Conversely, relatively little direct evidence is

available concerning the fate o
f

sediment. The

common practice o
f

quantifying sediment fate

with a sediment delivery ratio, estimated from a

simple empirical relation with upstream basin

area, does not consider the relative importance o
f

individual storage sites within a basin (Wolman,

1977). Rates o
f

sediment deposition (storage) in

reservoirs and floodplains can b
e determined from

empirical measurement, but only a limited number

o
f

sites have been monitored and net rates o
f

depo-

sition o
r

loss from other potential sinks and

sources is largely unknown (Stallard, 1998). In par-

ticular, little is known about how much sediment

loss from fields ultimately makes

it
s way to stream

channels and how much sediment subsequently is

stored in o
r

lost from the streambed (Meade and

Parker, 1985; Trimble and Crosson, 2000).

In summary,sediment source, storage, and

yield components that collectively describe sedi-

ment budgets have been quantified by various

means in the Chesapeake Bay watershed. How-

ever, few comprehensive budgets, composed o
f

multiple components and detailed field measure-

ments, have been compiled. Estimation has been

required o
f

one o
r

morecomponents that introduce

errors depending o
n the time scale, setting, and

time-period estimation. Integrated studies are lack-

ing that investigate and quantify

a
ll components a
s

a complete system a
t

the same spatialand tempo-

ral scales. In addition, the relations between small-

watershed sediment processing and large-water-

shed sediment yield have not been extensively

documented in each o
f

the major tributaries drain-

ing to the Chesapeake Bay. Therefore, it is difficult

to correlate the effects o
f

specific watershed land-

use practices o
n sediment load to the estuary.

Estuarine Budgets

A sediment budget for the Chesapeake Bay

would include inputs from the watershed( s
)

and

estuarine components for shoreline erosion, bio-

genic production, ocean, storage and re-suspen-

sion, and tidal flux a
t

the “outlet.” Various

researchers have tried to quantify the flux o
f

sedi-

ment within the bay and

it
s tributaries using a

wide range o
f

methodologies. In reviewing this lit-

erature o
n sediment budgets in the Chesapeake

Bay system, a
n important methodological distinc-

tion must b
e emphasized between those studies

that address suspended particulate material in the

water column and those that address sediment that

has actually accumulated o
n the bay (tributary)

floor. Suspended- sediment data, which includes

USGS Fall Line TSS load measurements (Langland

and others, 1999), and TSS monitoring data from

the bay and tributaries, deals exclusively with par-

ticulate material in the water column for a particu-

lar time and region. Notable studies o
f suspended

particulates that resulted in sediment budget infor-

mation include well- known papers b
y Biggs

(1970), Schubel and Carter (1976), and Nichols and

others, (1991). Although TSS studies may b
e

o
f

importance to water clarity and the SAV-TSS-light

issues discussed earlier in this report, they are not

sufficient alone to construct a comprehensive sedi-

ment budget.

In contrast, studies directly addressing surfi-

cial modern bay-floor sediment accumulation

include those b
y Ryan (1953), Donoghue (1990),

Kerhin and others (1983; 1988), Byrne and others
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(1982), and Hobbs and others (1990; 1992). Studies
o

f temporal patterns o
f sediment deposition based

o
n long sediment cores and geochronological anal-

yses also are relevant to sediment budgets and are

described in the section on Sediment Deposition

and Sedimentation Rates discussed later in this

chapter. Because they are a source o
f

information

o
n long- and short-term sedimentary processes,

sediment data frombottom samples and sediment

cores are o
f

great utility to management efforts to

improve water clarity, and to issues o
f

dredging,

contaminants in sediments, and nutrient recycling.

Several comprehensive studies have expli-

citly attempted to synthesize a bay- wide sediment

budget. The original report should b
e consulted for

methods and assumptions and detailed interpreta-

tion. Ryan (1953) studied 200 sediment cores

throughout the bay and was one o
f

the first to

describe the general character o
f

sediments in the

modern bay. Ryan showed that sands blanket the

bay flanks and that fine-grained silts and clays

cover the deeper main channel.

Another early sediment budget developed

for the bay used a simple, single-segment model

based o
n

salt- flux equations to compute sus-

pended sediment and to estimate exchanges o
f

suspended sediment between the bay and

it
s tribu-

taries and the bay and the ocean (Schubel and

Carter, 1976). This study concluded that sediment

sources include the Susquehanna River

( 5
7 percent), shoreline erosion ( 3
2 percent), and

sediment moving fromthe ocean into the mouth o
f

the bay ( 1
2 percent). Schubel and Carterestimated

the majority o
f

sediment ( 9
2 percent) carried into

the bay was deposited in the bay itself; the remain-

ing 8
-

percent was transported from the main stem

o
f

the bay into the tidal tributaries. Schubel and

Carter concluded that the ETM traps most sedi-

ment in the north, tributaries are net sinks o
f

sedi-

ment imported from the bay, and the bay is a sink

forsediment imported fromthe ocean. As dis-

cussed in the previous chapter, the net export o
f

sediment fromthe northern to central bay and

from the tributaries to the main stem is a complex,

unresolved issue in terms o
f

the timing and quan-

tity o
f

sediment movement.

Similarly, the contribution o
f

sediment from

coastal marshes is a complex, commonly misun-

derstood subject. Investigations o
f sediment flux in

brackish marshes include those b
y Kearney and

Ward (1986) and b
y Stevenson and others (1985).

Stevenson and others (1988) calculated that brack-

ish estuarine and tidal freshwater marshes trap

about 5 to 11- percent o
f

the annual sediment influx

to the Chesapeake Bay. This would equate to

2.6 × 106 tons (Officer and others, 1984). These esti-

mates suggest a relatively small proportion o
f

sedi-

ment inputs in the bay are trapped b
y

intertidal

marshes, contrary to the commonly perceived role

o
f

marshes a
s

depositional systems in estuaries.

The most comprehensive study aimed a
t

developing a bay- wide sediment budget is b
y

Hobbs and others (1990; 1992) (table 7.1). Building

o
n the work o
f

Ryan (1953), Biggs (1970), and

Schubel and Carter (1976), Hobbs and others (1990;

1992) compiled data from parallel studies in Mary-

land (Kerhin and others, 1983, 1988) and Virginia

(Carron, 1979; Byrne and others, 1982; Hobbs,

1983) and produced maps and tables that quanti-

fied net erosion and deposition o
f

sediment

throughout the bay. Unlike many other studies

based o
n data from a longitudinal transect, o
r from

a limited study area, this work produced a bay-

wide sediment budget based o
n

3
-

dimensional

data.

The approach o
f

Hobbs and others (1990;

1992) was to determine sediment erosion and dep-

osition b
y comparing U
.

S
.

Coast and Geodetic Sur-

vey hydrographic surveys carried out in the 1840s

with more recent surveys made during the 1950s.

Using the bathymetric differences between the two

surveys, total accumulation and erosion o
f

sedi-

ment was calculated in terms o
f

volume and con-

verted to mass (metric tons). The sediment budget

o
f

Hobbs and others (1990; 1992) (table 7.1) pro-

vides a
n excellent summary o
f

average sediment

accumulation and erosion over a
n approximately

100- year period. Some o
f

the most important con-

clusions from their reports include:

• Between the 1840s and 1950s, net deposi-

tion in Chesapeake Bay was between 1,049

and 2,915 million metric tons.

• This total exceeds the sum o
f

quantifiable

sources by 2.7 to 7.6 times,most o
f

which

is accounted for b
y ocean- source sands in

the southern part o
f

the bay; the budget for

input and deposition o
f

muds is balanced

within a factor o
f

2.4.

• The Susquehanna River is a major source

o
f

fine-grained sediment to the upper bay.
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• The proximal continental shelf provides a

large quantity o
f

sand and suspended sed-

iment (perhaps 4
0 percent o
f

the net sedi-

ment deposition in the bay).

• Fine-grained ocean- source sediments

might reach the mid-bay, which is farther

north than previously thought to b
e

deposited.

As part o
f

the National Estuary Sediment

Contaminant Inventory (NESCI), Nichols and oth-

ers (1991) summarizedsediment features for

a
ll the

major tributaries o
f

the bay. Although not explic-

itly a sediment budget study, the compilation b
y

Nichols provides a useful review o
f

the literature

including data o
n sediment texture, sources, mass

balance, and storage efficiency (proportion o
f

riverine input stored) in each tributary in the Ches-

apeake system. The conclusions reached b
y

Nichols and others include:

• Shoreline erosion contributes proportion-

ally moresediment in tributaries with low

riverine input.

• Shoreline erosion is more significant sea-

ward in wider reaches o
f

the bay because

o
f

exposure to wave action.

• Following erosion, winnowing and resus-

pension processes sort fine and coarse sed-

iment; fine sediment ultimately settles

further toward the channel because o
f

slower settling rates and tidal currents.

Table 7.1. Sediment budget data (modified from Hobbs and others, 1990)

[ error, 95- percent confidence for predicted value; -
-
, no data available]

Deposition

in

Maryland portion

o
f

the Chesapeake Bay,

in

millions

o
f

metric tons

in

100 year period

Total Organic Inorganic Sand Silt Clay

Deposition 822.15 16.98 805.18 524.13 121.61 159.46

Erosion 661.11 10.62 650.49 469.46 69.9 111.13

Net 161.04 6.35 154.69 54.67 51.71 48.33

Mass o
f

silt/ clay deposited in Maryland portion o
f

Chesapeake Bay (summary from different studies)

Biggs (1970) 83.8 million metric tons/ century

Schubel and Carter (1976) 141 million metric tons/ century

Kerhin and others (1988) (total) 281 million metric tons/ century

Kerhin and others (1988) (net) 100 million metric tons/ century

Deposition in Virginia portion o
f

the Chesapeake Bay, in millions o
f

metric tons in 100- year period

Value Standard Deviation Error

Sand 2,210.4 1,690.7 716.8

Silt 329.6 305.9 110.2

Clay 220.5 184.1 68.2

Total 2,760.8 2,180.8 895.2

Sedimentation in Chesapeake Bay, in millions o
f

metric tons per 100- year period

Sources Sand Mud Total

Shoreline erosion, Maryland 74.0 137.0 211.0

Susquehanna River suspended sediment -
- 107.0 107.0

Shoreline erosion, Virginia 40.0 2.5 42.5

Biogenic silica, Virginia 0.8 -
- 0.8

Oceanic suspended sediment -
- 22.0 22.0

Total 114.8 268.5 383.3

Deposition Value Standard Deviation Error

Sand 2,265.1 1,745.4 771.5

Silt 381.2 357.6 161.9

Clay 268.8 232.4 116.5

Total 2,915.1 2,335.6 1,049.9
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• Estuarine density-driven circulation influ-

ences the fate o
f

fine-grained sediment

once it has entered the main stem bay sys-

tem; the upper estuarine layers generally

transport sediment southward, and the

lower layers transport sediment north-

ward.

In addition to bay- wide sediment budgets,

regional studies integrating bay tributaries with

their watershed provide important linkages

between the aquatic system and adjacent land

areas that are useful for land-use management.

One example is a recent study o
f

the York River

and

it
s watershed (Herman, 2001). A series o
f

sedi-

ment budgets were constructed for 1
1 nested sub-

watersheds ranging in size from 6
5

to 6,900 km2 in

the Piedmont and Coastal Plain o
f

Virginia. These

watersheds extended from the headwaters to the

estuary mouth and were used to examine sediment

allocation a
s a function o
f watershed size. Data

spanning decadal time scales and loads were cal-

culated o
n

a
n average annual basis. The results

from Herman (2001) showed that in these low-

relief watersheds, sediment budgets are more

influenced b
y

the river system (Mattaponi and

Pamunkey tributaries o
f

the York River) than b
y

sub-watershed size. Upland erosion was the major

source o
f

sediment in the Pamunkey River; bank

erosion (including “shorelines” in the uppermost

tidal zone) was the major source in the Mattaponi

River. Upland storage was the major sink for both

tributaries.

The York River study also indicated that lit-

tl
e sediment from the upper watershed reached the

estuary, indicating the Piedmont and Coastal Plain

portions are “decoupled.” Decoupling defines a

process where a significant portion o
f

sediment

eroded from the upper o
r

middle reaches o
f

a basin

is stored upstream and is not transported to the

lower reaches o
f

the basin. This results in increased

streamflow energy and moresediment being mobi-

lized and transported from downstream areas o
f

the basin. As a result, management actions

designed to decrease upland erosion and the

implementation o
f

buffers along streams to mini-

mize the remobilization o
f

colluvial storage may
have limited effects farther downstream. There-

fore, the improvement o
f

water quality in the York

River estuary may b
e largely independent o
f

soil-

conservation practices implemented extended dis-

tances upstream. Water quality may b
e more

affected b
y

locally derived sediments near the

estuary. The net movement o
f sediment a
t

the

mouth o
f

the river is from the bay into the estuary.

This, in combination with sediment movement

during extreme storm events, implies that sedi-

ment management strategies in the York River

watershed may also benefit from a regional focus.

Data from other studies provides additional

information on sediment flux to the bay from the

tributaries and within the bay. Information that

was compiled o
n sediment sources and budgets

from several studies is shown in figure 7.2. The

data are reported in terms o
f

contributions o
f

sedi-

ment from rivers, shoreline erosion, oceanic

sources, tributaries, and in-situ biogenic produc-

tion in metric tons per year. These data also are

given in volumetric and relative percent contribu-

tions in table 7.2. Other studies containingsedi-ment-budget information not included in this

summary are available for the Potomac River b
y

Miller (1983) and Bennett (1983), the Rappahan-

nock River b
y Lukin (1983), the Choptank River b
y

Yarbro and others (1983), the Anacostia by Scatena

(1987), and the South River b
y Marcus and others

(1993) and Marcus and Kearney (1989; 1991). The

following is shown in figure 7.2:

• Susquehanna River sediment dominates in

the north.

• Oceanic- source sediment is the dominant

sources in the southern bay, although this

total includes a
n unknown amount o
f

sedi-

ment eroded from shorelines and perhaps

some sediment exported from major riv-

ers. A further breakdown o
f

this large flux

o
f

sediment requires more detailed analy-

sis.

• Different tributaries have different relative

contributions from riverine, shoreline, bio-

genic, and oceanic sources. Many studies

did not include biogenic sediment and it is

likely that biogenic material contributes

substantial amount to particulate material

in some regions.

• In different parts o
f

large tributaries such

a
s

the Potomac, the relative proportion o
f

shoreline and riverine sediments vary in

upstream and downstream regions. This

reflects the trapping o
f

riverine sediments

upstream and the diminished influence o
f

riverine sources bay- ward down a major

tributary.
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Figure 7.2. Fine- grained sediment sources from different sources based o
n literature (right half) compared to model-generated loads (left half).

(Based o
n table 7.2 in Chapter

7
.
)
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Table 7.2. Suspended sediment source loads in the Chesapeake Bay estuary and

it
s sub-estuaries. Values are in million metric tons per year (MT/

y
r
)

[Shaded areas represent model estimates; NC, not considered; -
-
, no data; CB, Chesapeake Bay; mth, mouth; N
/

A
,

not applicable]

Estuary

Riverine

(above

Fall Line)

Shoreline

(mainly

cliffs and

headlands)

Biogenic

(not

measured

for

a
ll

studies)

Import

( from

Bay to

tributary)

Ocean

(import to

southern

bay)

Tributaries1

(below fall

line)

Sum Method Citation

Susquehanna 900,000 NC NC NC NC 100,000 1,000,000 Chesapeake Bay Program Model output (Lewis Linker, personal communica-

tion, Watershed Model Phase 4.3

Sediment load results, 2000

Progress Scenario, 2003)

Potomac 1,600,000 600,000 NC NC NC 200,000 2,400,000 Chesapeake Bay Program Model output

Rappahannock 200,000 400,000 NC NC NC 150,000 750,000 Chesapeake Bay Program Model output

York 100,000 550,000 NC NC NC 120,000 770,000 Chesapeake Bay Program Model output

James 1,100,000 450,000 NC NC NC 200,000 1,750,000 Chesapeake Bay Program Model output

West Shore Maryland NC 400,000 NC NC NC 200,000 600,000 Chesapeake Bay Program Model output

East Shore Maryland NC 1,500,000 NC NC NC 300,000 1,800,000 Chesapeake Bay Program Model output

East Shore Virginia NC 250,000 NC NC NC 50,000 300,000 Chesapeake Bay Program Model output

North Chesapeake 1,310,000 280,000 10,000 NC NC NC 1,600,000 Compiled from USGS gauge data, Kerhin and

others, 1988; Biggs, 1970.

Halka (2000)

Central Chesapeake 33,000 275,000 206,000 NC NC NC 514,000 Bi-weekly sampling across 5 lateral upper bay

transects and 6 deep channel sites from Feb.

1966- Jan. 1967.

Biggs (1970)

Chesapeake2 1,550,000 600,000 NC NC 450000 NC 2,550,000 Compiled from Byrne and Anderson, 1977; Hobbs

and others, 1990; Officer and others, 1984;

Schubel and Carter, 1976.

Nichols and others (1991)

South Chesapeake3 107,000 25,400 0 NC 1138400 NC 1,270,800 Complied from Schubel and Carter,1976; Kerhin

and others, 1983; Byrne and others, 1982; Singe-

wald and Slaughter, 1949; Byrne and Anderson,

1977.

Hobbs and others (1990)

South Chesapeake4 NC 423,000 12,520 NC -
- NC 435,520 Complied from 2000 grab samples, Byrne and

Anderson, 1977; Jacobs and Grant, 1978.

Byrne and others (1982)

Rhode5 NC NC NC NC NC 222 222 Gravimetric suspended sediment analysis o
f

up to

11 tributaries from Jan. 1974 to Nov. 1976.

Pierce and Dulong (1977)

Patuxent6 216,000 NC NC NC NC 4
9 216,049 5
5 mid-depth suspended sed. samples a
t

seasonal

and characteristic intervals

Roberts and Pierce (1974; 1976)

Potomac- Chain

Bridge to mouth

(historical)

1,350,000 150,000

(230,000)

NC 10,000 NC 880,000 2,390,000 Comparison o
f

shoreline maps and aerial photo-

graphs.

Miller (1987); Bennett ( 1983)

Potomac- 301

Bridge to mouth

(historical)

440,000 100,000

(170,000)

NC 10,000 NC 330,000 880,000 Comparison o
f

shoreline maps and aerial photo-

graphs.

Miller (1987); Bennett ( 1983)

Rappahannock7 300,000 300,000 15,000 300,000 NC NC 915,000 Compiled from Hardaway and others, 1992; Nichols,

1977; Schubel and Carter, 1976; Officer and

Nichols, 1980; Haven and others, 1981.

Nichols and others (1991)

York 42,200 6,950 NC 910,000 NC NC 959,150 Quantified 11 sediment budgets. Herman (2001)

James7 2,400,000 300,000 15,000 400,000 NC NC 3,115,000 Compiled from Haven and others, 1981; Nichols and

others, 1991.

Nichols and others (1991)

Choptank8 -80,000 340000 NC 36,000 NC 20,300 316,300 Monthly longitudinal cruises from Sep 1979- Aug.

1980.

Yarbro and others (1981; 1983)



88

C
H

A
P
T
E
R
7

PERCENTAGES BY SEGMENT

Susquehanna 90.00 NC NC NC NC 10.00 100.00

Potomac 66.67 25.00 NC NC NC 8.33 100.00

Rappahannock 26.67 53.33 NC NC NC 20.00 100.00

York 12.99 71.43 NC NC NC 15.58 100.00

James 62.86 25.71 NC NC NC 11.43 100.00

West Shore Maryland NC 66.67 NC NC NC 33.33 100.00

East Shore Maryland NC 83.33 NC NC NC 16.67 100.00

East Shore Virginia NC 83.33 NC NC NC 16.67 100.00

North Chesapeake 81.88 17.50 0.63 NC NC NC 100.00

Central Chesapeake 6.42 53.50 40.08 NC NC NC 100.00

Chesapeake 60.78 23.53 NC NC 15.69 NC 100.00

South Chesapeake 8.42 2.00 0.00 NC 89.58 NC 100.00

South Chesapeake4 NC 97.13 2.87 NC ? NC 100.00

Rhode NC NC NC NC NC 100.00 100.00

Patuxent 99.98 NC NC NC NC .02 100.00

Potomac- CB-mth 56.4 (54.6) 6.3 (9.3) NC .5 (
.

5
) NC 36.8(35.6) 100.00

Potomac- Rt. 301- mth 50.0 (46.3) 11.4(17.9) NC 1.2 (1.1) NC 37.5(34.7) 100.00

Rappahannock 32.79 32.79 1.64 32.79 NC NC 100.00

York 4.40 0.72 NC 94.88 NC NC 100.00

James 77.05 9.63 0.48 12.84 NC NC 100.00

Choptank N
/ A 85.79 NC 9.08 NC 5.12 100.00

1
Miller’s study in the Potomac excluded sand.

2
Only examined fine sediment, discusses biogenic sources but did not quantify.

3
Riverine values are mud, 1138400 Mt/ y ocean value is based o

n 220000 Mt/ y + 918400 Mt/ y based o
n Hobbs statement that 8
6 percent o
f

656000000 Mt/ y is sand.

4
Shoreline value is approximately 9

0 percent sand and is probably a conservative figure, ocean value represents sand. Byrne data not plotted in figure.

5
Transport represents 1976 value.

6
Total sediment input values are given, but are primarilyriverine.

7
Biogenic input published a

s <2.00E+ 04, and estimated a
t

1.5E+ 04, import value ignores resuspension.

8
Negative value indicates a net export o

f

riverine sediment, primary production not directly measure, but incorporated using average o
f

total suspended material.

Average calculated where range was given (Chesapeake/ Biggs–Riverine, Rappahannock/ Nichols– Import, York/ Herman Shoreline).

Table 7.2. Suspended sediment source loads in the Chesapeake Bay estuary and

it
s sub- estuaries. Values are in million metric tons per year

(MT/ yr)—Continued

Estuary

Riverine

(above

Fall Line)

Shoreline

(mainly

cliffs and

headlands)

Biogenic

(not

measured

for

a
ll

studies)

Import

( from

Bay to

tributary)

Ocean

(import to

southern

bay)

Tributaries1

(below fall

line)

Sum Method Citation
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• Shoreline sources o
f

sediment are numeri-

cally important in the Choptank and Rap-

pahannock tributaries, and to a lesser

extent in the Potomac River.

In summary,there are enormous scientific

and technical challenges to constructing a realistic,

quantitative sediment budget for the bay. The large

area covered b
y

the bay and

it
s watershed makes

the development o
f

a bay-wide sediment budget a

difficult undertaking with any method. Although

some integrated sediment- flux studies o
f

smaller

tributaries and their watersheds resulted in sedi-

ment budget estimates, these results cannot neces-

sarily b
e extrapolated elsewhere in the bay because

sediment sources and processes are spatially

extremely variable.

A sediment budget also is ultimately depen-

dent on the time scale chosen. I
f a short time scale

is chosen, such a
s a single year, the complex tem-

poral aspects o
f

sedimentation, such a
s

the

unknown lag time frominitial land- surface erosion

until final deposition cannot b
e taken into account.

Extreme episodic events that are o
f

great impor-

tance in sediment transport and deposition also

would b
e neglected. Conversely, a long-term sedi-

ment budget computing sediment flux over the

8,000- year history o
f

the bay may give realistic esti-

mates o
f

net sediment accumulation over millen-

nia, but this would probably b
e

o
f

little use to

managers concerned with improving bay water

quality.

Nonetheless, the literature provides awealth

o
f

quantitative data o
n sediment flux from certain

areas that could b
e

o
f

significant use in manage-

ment efforts. A potential future need is a
n inte-

grated study involving sedimentologists,

hydrologists, and modelers to determine ways to

apply the available data, to fill spatial gaps in the

data, and to validate bay sediment models against

empirical data.

Model- Derived Sediment Estimates

Various modeling approaches have been

used to understand and predict sediment flux in

the Chesapeake Bay system—the Spatially Refer-

enced Regression Model (SPARROW) for sus-

pended sediment, the Chesapeake Bay Watershed

Model (WSM), and the Chesapeake Bay Water-

Quality Model (WQM).

Spatially Referenced Regression Model

(SPARROW)

fo
r

Sediment

The SPARROW model is a
n effort to empiri-

cally address the question o
f

sediment fate and

transport on a national scale ( G
.

Schwarz, U
.

S
.

Geological Survey, oral commun., 2002). The

SPARROW model was first used to estimate the

distribution o
f

nutrients in streams and rivers o
f

the United States and has subsequently been used

to describe land and stream processes affecting the

delivery o
f

nutrients (Smith and others, 1997; Alex-

ander and others, 2000; Preston and Brakebill,

1999). The model makes use o
f

numerous spatial

data sets, available a
t

the national level, to explain

long-term sediment water- quality conditions in

major streams and rivers throughout the United

States. The model described here is intended to

empirically evaluate regional- scale processes

affecting the long- term (decadal) transport o
f

sedi-

ment in rivers.

Suspended sediment has long been recog-

nized a
s

a
n important factor affecting water

resources. Besides

it
s direct role in determining

water clarity, bridge scour, and reservoir storage,

sediment serves a
s a vehicle for the transport o
f

many binding contaminants including nutrients,

trace metals, semi-volatile organic compounds,

and numerous pesticides ( U
.

S
.

Environmental Pro-

tection Agency, 2000a). Recent efforts to address

water- quality concerns through the Total Maxi-

mumDaily Load (TMDL) process have identified

sediment a
s the single most prevalent cause o
f

impairment in the Nation’s streams and rivers

( U
.

S
.

Environmental Protection Agency, 2000b).

A comprehensive understanding o
f

sedi-

ment fate and transport is considered essential to
the design and implementation o

f

effective plans

for sediment management (Osterkamp and others,

1998; U
.

S
.

General Accounting Office, 1990). Sedi-

ment sources are identified using sediment erosion

rates from the National Resources Inventory (NRI)

(Natural Resources Conservation Service, 2000)

apportioned over the landscape according to 30- m
resolution land-use information from the National

Land Cover Data set (NLCD) ( U
.

S
.

Geological Sur-

vey, 2000). Over 76,000 reservoirs from the

National Inventory o
f

Dams (NID) ( U
.

S
.

Army

Corps o
f

Engineers, 1996) are identified a
s poten-

tial sediment sinks. Other non- anthropogenic

sources and sinks are identified using soil informa-

tion from the State Soil Survey Geographic

(STATSGO) database (Schwarz and Alexander,
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1995) and spatial coverages representing surficial

rock type and vegetative cover. The SPARROW
model empirically relates these diverse spatial

datasets to estimates o
f

long-term, mean annual

sediment flux computed fromconcentration and

flow measurements collected from 1985 to 1995

from more than 400 monitoring stations. These sta-

tions are maintained b
y National Stream Quality

Accounting Network (NASQAN) (Alexander and

others, 1998), the National Water Quality Assess-

ment (NAWQA) Program, and U
.

S
.

Geological

Survey District offices. The calibrated model is

used to estimate sediment flux for over 60,000

stream segments included in the River Reach File 1

(RF1) stream network (Alexander and others,

1999).

An important implication o
f

the SPARROW

modeling approach adopted in this analysis is that

estimates o
f

sediment production and loss are

based o
n measurements o
f

in-stream flux. Other

ancillary information, such a
s

direct measurements

o
f

long-term sediment storage and release from

reservoirs (Steffen, 1996) are incorporated into the

analysis b
y

specifying additional equations

explaining these ancillary variables.

The mean annual suspended- sediment flux

generated within and leaving a reach is referred to

a
s

the incremental reach flux. The flux consists o
f

long- term sediment load data and several hypoth-

eses o
f

sediment fate and transport. The estimation

o
f

long-term suspended- sediment load a
t

a moni-

toring station is based o
n the regression o
f

the nat-

ural logarithm o
f

instantaneous suspended-

sediment concentration o
n current and lagged val-

ues o
f

the natural logarithm o
f

daily flow and

other variables representing seasonal and trend

effects. I
f the station has concentration data col-

lected more frequently than o
n a weekly basis, the

regression model is modified to account for serial

correlation. T
o

b
e included in the analysis, a station

must have a
t

least 3 years o
f

data between 1985

and 1995.

The flexible mathematical structure o
f

the

model is capable o
f

accommodating a number o
f

hypotheses concerning sediment fate and trans-

port. Sites o
f sediment storage can act a
s sediment

sources o
r

sinks. A random coefficient form o
f

the

model allows storage sites to serve a
s

sources in

some regions and sinks in others. Nonpoint

sources o
f

sediment, such a
s

soil, are distinguished

from sediment losses from storage ( a
n alluvial

plain) using the assumption that the former is a

primaryprocess o
f

weathering whereas the latter is

a consequence o
f

the accumulation o
f

previously

weathered material later released to streams under

changing hydraulic conditions. Accordingly, the

potential for storage loss in the model depends o
n

the extent o
f

accumulated upstream soil erosion

due to weathering. The empirical validity o
f

the

Universal Soil Loss Equation (USLE) estimate o
f

soil erosion can b
e evaluated through statistical

hypothesis tests o
f

the relevant coefficients. Alter-

native measures o
f

soil erosion also can b
e empiri-

cally evaluated in the model b
y

substituting

variables serving a
s determinants o
f

the USLE for

the USLE erosion estimate. Data o
n reservoirstor-

age can b
e incorporated directly into the model b
y

introducing a
n additional storage equation.

T
o complete the model structure, individual

reaches are combined to forma nested basin. Each

nested basin consists o
f

reaches upstream from a

given monitoring station and below any monitor-

ing station further upstream ( if such stations exist)

(fig. 7.3).

Preliminary Results.—There are many

impediments to understanding sediment storage

because few stream and reservoir sites are moni-

tored and it is difficult to know where and to what

extent storage occurs in the basin—streambeds,

floodplains, and (or) reservoirs for example. Based

upon the previous discussion, a preliminary

SPARROW model was constructed for suspended

sediment in streams o
f

the conterminous United

States. The National model o
f

sediment contains

data from over 600 stations fromUSGS National

Water-Quality monitoring networks, numerous

GIS spatial coverage o
f

causative factors including

NRI, NLCD (National Land Cover Data-set), and

STATSGO, and RF1 stream network with over

70,000 reservoirs fromNID (National Inventory o
f

Dams). The model structure is simplebut flexible

and contains a sufficient number o
f

monitoring sta-

tions uniformlydistributed nationally. The prelim-

inary results show that the model agrees

reasonably well with actual sediment data and

coefficients (explanatory variables) are interpret-

able ( G
.

Schwarz, U
.

S
.

Geological Survey, oral com-

mun., 2002). Results also indicate that small

streams, and not large streams, are sources o
f

sedi-

ment, reservoirs are large sinks o
f

sediment, the

NRI provides a
n incomplete estimate o
f

erosion,

wind erosion reduces sediment susceptible to ero-

sion to streams b
y

runoff, surface- water runoff

increases sediment erosion, and more permeable
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soilsare less susceptible to erosion. Ideally, future

model runs may include revised data sets and

increased sediment data a
-

nd maps may b
e pro-

duced o
f

delivered sediments loads and yields to

“edge o
f

field” (erosion from land) and “edge o
f

stream” (erosion actually reaching the stream).

Chesapeake Bay Watershed Model (WSM)

The three cross-media models used for simu-

lations o
f sediment in the Chesapeake Bay and

watershed include the Regional Acid Deposition

Model (RADM), the Watershed Model (WSM,
Phase 4.3), and the Chesapeake Bay Estuary Model

Package (CBEMP, which will b
e referred to a
s

the

Water Quality Model o
r WQM) (Linker and Shenk,

2000). The RADM is used to provide estimates o
f

the deposition o
f

air-borne nitrogen to the land and

water surface and is not discussed in this report.

Additional information about RADM can b
e

obtained a
t

the Web site http:// www. epa. gov/

asmdner/ radm.html/ . Simulation o
f

suspended sedi-

ment and total suspended solids transport from

the watershed to the estuary is performed using

the WSM. The subsequent effects o
f

suspended sol-

ids o
n water clarity, SAV, and benthos are simu-

lated using the WQM. In addition, the effects o
f

benthos on suspended solids also are simulated.

The inputs o
f

suspended sediment to the riv-

erine system are calculated from each land unit in

the WSM (below). Using a set o
f

empirical equa-

tions, the detachment (erosion) o
f

sediment from

the soil matrix, movement o
f

the eroded sediment

in surface runoff, and scour o
f sediment are simu-

lated to predict suspended- sediment concentration

and load (Donigian and others, 1994).

There are two principal sources o
f

eroded

sediment in the WSM, raindrop detachment and

agriculture tillage operations. Raindrop detach-

ment includes variables for rainfall, energy, ante-

cedent soil moisture, and percent o
f

exposed soil.

Raindrop detachment occurs throughout the year.

Tillage operations from agricultural activities gen-

erate sediment from the turning o
f

soil and other

crop maintenance activities. Tillage operations

generally occur once o
r

twice a year, and a
n

amount o
f

detached sediment is treated a
s

a
n

instantaneous addition a
t

time o
f

tillage. Sediment

storage is the amount o
f sediment eroded and

Figure 7.3. Schematic o
f

a nested basin defined by upstream and

downstream monitoring stations. (F is the total sediment flux

generated within each nested basin, L
u

is the upstream monitored

load, and L
i

is the sum o
f

F and Lu leaving the basin.) (Schwarz and

others, 2001)

Land Processes River Processes

Erosion

rate

Sediment

storage

Transport

factors

Deposition

and scour

Suspended

sediment
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available for transport. Sediment storage is calcu-

lated for each land use a
s a balance o
f sediment

attachment and detachment and washoff. Washoff

o
f

detached sediment is a function o
f

antecedent

soil moisture and surface- water runoff. Parameters

forattachment and detachment and washoff are

selected to match calculations o
f

annual soil ero-

sion from crops, pasture, and forest lands based on

National Resource Inventory (NRI) data applied to

the USLE. Gross erosion rates are reduced b
y a

delivery ratio to represent deposition loss (storage)

o
n the land.

Simulation o
f

suspended sediments in rivers

is a mass balance o
f

input, advection, scour, and

deposition. Scour and deposition o
f

silt and clay is

simulated o
n

a
n hourly basis b
y comparing the

shear stress calculated b
y the hydrology module to

a critical shear stress. Other parameters are erod-

ibility, settling velocity, and bed storage. Separate

parameters can b
e used for silt and clay. Sand con-

centration is simulated using a user-input power

function o
f

carrying capacity.

Calibration o
f

sediment is a mass-balance

approach where:

Sediment mass balance =

land surface inputs + scour –deposition

–advection downstream ( 1
)

Specifically, the calibration is obtained b
y

( 1
)

setting consistent detached sediment values

from field operations o
n the basis o
f

crop use,

( 2
)

calibration o
f

sediment wash- off from

a
ll land

uses o
n the basis o
f

the NRI, and ( 3
)

calibration to

observed sediment- concentration data a
t

the

water- quality monitoring sites and adjustment o
f

scour and deposition parameters.

The RIM Program collects stream samples

from the most downstream non-tidal areas in the

eight largest basins (Susquehanna, Potomac,

James, Patuxent, Rappahannock, York- 2 basins,

and Appomatox). In addition, one site, Choptank,

is sampled o
n the eastern shore. Using hydrology

data from 1985 to 1994, modeled total average

annual suspended- solids loads from the WSM are

approximately 4 million tons a
t

the “Fall Line”

River Input sites. This is in close agreement with

the total average annual long-term monitoring

programs estimated load. An additional 1.25 mil-

lion tons are estimated b
y

the WSM to b
e contrib-

uted from land areas (about 1
5 percent o
f

the

watershed) below the “Fall Line.” The contribution

and variability o
f

the modeled loads above and

below the Fall Line Zone are shown in figure7.4.

The three largest rivers (Susquehanna, Potomac,

and James), which represent about 9
0 percent o
f

the total land area above the Fall Line, contribute

about 90- percent o
f

the average streamflow, and

deliver the greatest amount o
f

sediment to the

estuary (Langland and others, 1995).

Figure 7.4. Modeled sediment- solids loads above and below the Fall Line. (From Chesapeake Bay

Program Watershed Model v
.

4.3.)
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Chesapeake Bay Water Quality Model (WQM)

The Chesapeake Bay WQM is a quantitative

tool used to simulate the effects o
f

the watershed

and shoreline ( o
r

bank) contributions o
f

suspended

solids on water quality in the bay and

it
s tributar-

ies. The model is extremely complex. The model a
s

it pertains to the sediment issues discussed

throughout this report will b
e presented briefly

below. The reader is encouraged to pursue addi-

tional details about the model, which can b
e found

in Cerco and others (2002) and a
t

the CBP Model-

ing Web site http:// www. chesapeakebay. net/ pubs/

subcommittee/ mdsc.

Watershed sediment sources from above and

below the Fall Line derived from the bay WSM are

used a
s input for the WQM. Model simulations are

carried out for

a
ll suspended sediment discharges

a
t

a
n hourly time step and then compiled into a

daily average for

a
ll river loads input into the

WQM. River input sediment loads estimated by

the WQM a
t

sites below the Fall Line are distrib-

uted to the lateral cells—areas in the bay near

shorelines—o
n the basis o
f

the relative watershed

area associated with each o
f

the lateral cells.

Empirical data compiled fromvarious

regions o
f

the Chesapeake Bay are used to parame-

terize the WQM for estimates o
f

suspended solids

derived from shoreline erosion. Load estimates

from shoreline sources are estimated a
s

long-term

averages expressed in volume o
r

rate o
f

mass per

year o
n the basis o
f

the volume o
f eroded material

obtained from comparisons o
f

topographic maps

o
r

aerial photographs that usually span several

years. Information contained in a report b
y

the

USCOE (1990) and extensive measurements o
f

the

composition o
f

eroded bank material for the major

Virginia tributaries (Ibison and others, 1992) serve

a
s primarysources o
f

information on shoreline ero-

sion (table 7.3).

Estimating bank loads for the model requires

consideration o
f

the volume o
f eroded material,

the composition o
f

the material, and the fraction o
f

eroded material reaching the water column. The

grain-size distribution o
f eroded material reaching

the water column is a
n extremely important factor

because sand and gravel sink rapidly and do not

contribute to light attenuation (discussed in chap-

ters 1
,

5
,

and

6
)
.

Because o
f

the high spatial varia-

tion in shoreline sediment sources and gaps in the

database, bank erosion is considered in the model

a
s a spatially and temporally uniform process.

Loads to each surface cell are calculated as:

Bank load = (Length) (erosion rate)

(fraction o
f

silt/ clay in total volume eroded)

(calibration factor to adjust bank loads)

(associated nutrient/ carbon concentration) ( 2
)

A mean value forbank erosion o
f

11.4 kg m
-

1

d
- 1

is used. This total contains a
n

estimated average o
f

about 37-percent coarse mate-

rial (sand and gravel); the remainder is fine-

grained material (table 7.3). Additional data from

Maryland indicate average bank compositions o
f

about 50- percent sand (Hill and others, 2001). The

model-generated fine-grained solids estimate o
f

5.7 kgm-1

d
- 1

is a reasonable first approximation o
f

mean fine-grained suspended load from shorelines

(table 7.3).

Calibration o
f

the WQM involves taking the

WSM model daily sediment loads and using a con-

stant daily input o
f

shoreline erosion loads consis-

tent with reported shoreline erosion rates.

Sediment loads are removed by regional adjust-

ment o
f

settling rates to achieve observed solid

concentrations in the water column consistent with

the tidal program monitoring data.

Table 7.3. Composition o
f

bank solids (fromIbison and others, 1992)

Gravel

(percent)

Sand

(percent)

Silt

(percent)

Clay

(percent)

Average o
f

a
ll

observations,

in kilograms per

meter per day

Mean 20.3 17.0 60.9

1
.8 11.4

Median 16.3 16.3 63.1 .1 8.55

Standard deviation 16.0 14.1 26.0 .44 8.71

Maximum 71.9 60.3 98.7 5.31 32.7

Minimum .7 .1 1
.6 0 .8
1

Number o
f

samples 255 255 255 255 4
4

Model 5.7
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Two settling parameters are used in the

model: a water column settling rate and a rate

incorporating suspended sediments into the sedi-

ment layer. In some regions, such a
s

the turbidity

maximum and littoral zones, these settling rates

are adjusted to reduce the amount o
f

sediment

entering the sediment layer, providing a method

for the WQM to simulate re-suspension o
f

fine par-

ticles.

Future research o
n sediment and water qual-

ity might include efforts to integrate the WQM
efforts with field studies o

f

sediment sources and

grain size, with particular focus on spatial variabil-

ity in shoreline loads.

The WQM also produces information show-

ing the relative contribution to light attenuation

from water color, algae and other organic material,

and TSS (fig. 7.5). The inorganic component o
f

light attenuation (suspended sediment) is domi-

nant in nearly

a
ll bay segments (fig. 7.5). These

types o
f

data are useful for examining possible dif-

ferent sediment- reduction allocations and strate-

gies. The spatial distribution o
f

the model

segments area are shown in figure 7.6. However,

the components o
f

attenuation alone d
o not deter-

mine the response to nutrient and solids-load

reductions. O
f

paramount importance is the

requirement b
y USEPA to bring total attenuation

below levels that support SAV and meet water-

clarity goals. A more useful classification o
f

the

Chesapeake Bay is to divide into regions subject to

( 1
)

nutrient control and ( 2
)

sediment- solids control

(fig. 7.7). Regions subject to nutrient control are

areas that meet living- resources criteria (Batiuk

and others, 1992) and areas in which criteria can b
e

met b
y reducing attenuation from organic matter.

These correspond to areas in which attenuation

from color and fixed solids is less than 2 m
-

1
for

freshwater species and less than 1.5 m
-

1
for other

species. Regions in which attenuation from color

and sediment solids exceeds 1.5 m
-

1
(saltwater) to

2 m
-

1
(freshwater) will not support SAV absent

reductions in fixed solids. This classification indi-

cates SAV cannot b
e restored to large parts o
f

the

major tributaries solely via nutrient reduction. Res-

toration o
f SAV to the turbidity maximum o
f

the

main stem and to the headwaters o
f

several minor

tributaries also requires sediment- solids reduc-

tions (Cerco and others, 2002).

Figure 7.5. Relative proportion o
f

light attenuation b
y component

f
o
r

major bay segments.

(Segment locations shown o
n

figure 7.6.)
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Figure 7.6. Location o
f

estuary model segment number a
s used in the water-

quality model (WQM).
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Figure 7.7. Estuarine areas that benefit more from sediment controls (shaded area) than fromnutrient controls

(areas shown in yellow) in the watershed and tidal tributaries (Cerco and others, 2002).
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However, a
s has been discussed throughout

this report, the bay ecosystem involves very com-

plex physical and chemical processes; therefore,

addressing nutrient o
r

sediment issues alone most

likely will not meet the water- clarity goals b
y 2010.

In conclusion, because neither nutrient nor sedi-

ment is completely dominant in terms o
f

light

attenuation and resulting loss o
f

water clarity, it

may b
e necessary forwater-resource managers to

develop nutrient and sediment reduction strate-

gies. These strategies will vary spatially and tem-

porally o
n the basis o
f

light attenuation factors and

overall cost/ benefit analysis.

Sediment Reduction Controls

(Best- Management Practices)

The CBP WSM (version 4.3) simulates TSS

reductions resulting from the implementation o
f

best-management practices. The simulation meth-

ods for estimating TSS reductions include land-use

conversions, application o
f

best-management-

practice efficiencies, and a combination o
f

land-use

conversions and efficiencies (table 7.4).

Land- use conversion represents the conver-

sion o
f

one land use into another. Conversion o
f

a

land use with a high sediment- loading rate into a

land use o
f

lower sediment- loading rate is simu-

lated a
s a reduction in sediment loads. An example

o
f

such a conversion would b
e planting riparian

forest buffers o
n conventionally tilled agricultural

land. In this example, the model simulates the

reduction a
s

the difference between the conven-

tionally tilled land sediment- loading rate minus

the forest loading times the number o
f

acres con-

verted. The difficulty with land-use conversion is

that the model assumes the land- use conversion is

immediate and complete. In the example o
f

forest

buffers, the model assumes the newly planted sap-

lings immediately function a
s a mature forest

Table 7.4. Sediment reductions for various best-management practices simulated in the

Watershed Model ( L
.

Linker, U
.

S
.

Environmental Protection Agency, written commun., 2002)

Best-management practice

Sediment

reduction

( percent)

Model use

Wetland restoration (high- till) 9
6 Land- use conversion

Wetland restoration (low-till) 8
4 Land- use conversion

Wetland restoration (hay) 8
0 Land- use conversion

Tree planting (high- till) 9
6 Land- use conversion

Tree planting (low-till) 8
4 Land- use conversion

tree planting (pasture) 8
2 Land- use conversion

Land retirement (high- till) 9
0 Land- use conversion

Land retirement (low- till) 6
1 Land- use conversion

Land retirement (hay) 5
3 Land- use conversion

Forest conservation (pervious urban) 7
6 Land- use conversion

Streambank protection with fencing (pasture) 7
5 Efficiency

Conservation tillage (high-till) 7
3 Land- use conversion

Forest buffers (high- till, low-till, hay) 7
0 Land- use conversion & efficiency

Stormwater management (pervious, impervious urban) 6
5 Efficiency

Tree planting (mixed open) 5
8 Land- use conversion

Grass buffers (high- till, low- till) 5
3 Land- use conversion & efficiency

Erosion and sediment control (pervious, impervious urban) 5
0 Efficiency

Forest harvesting practices (forest) 5
0 Efficiency

Farm plans (high- till) 4
0 Efficiency

Farm plans (pasture) 1
4

Efficiency

Farm plans (low-till, hay) 8 Efficiency

Streambank protection without fencing (pasture) 4
0 Efficiency

Abandoned mine reclamation (exposed/ urban) 1
7 Land- use conversion

Cover crops (high-till, low-till) 1
5

Efficiency
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buffer. This results in the WSM model overestimat-

ing the sediment- load reductions o
f

the forest

buffer for the period it takes the buffer to reach

maturity equal to that o
f

resident forest. Addi-

tional data is needed to develop variable TSS effi-

ciencies for land-use conversion accounting for the

maturity o
f

the conversion over time. For best-

management practices that mature quickly o
r

are

quickly functional, such a
s

grass buffers and wet-

lands, there most likely would b
e minimal o
r

inconsequential overestimation.

Application o
f

best-management- practice

percent efficiencies represents the second method

utilized within the watershed model to simulate

TSS reductions. These best-management practices

reduce the TSS load b
y a set percentage o
f

each

acre treated o
r

affected b
y the best-management

practice. As a
n example, implementing a farm plan

o
n conventional cropland is estimated to reduce

TSS loads b
y

4
0 percent foreach acre under the

plan.

A
t

the time best-management- practice effi-

ciencies were developed, limited data were avail-

able o
n the effectiveness o
f

best-management

practices for reducing TSS loads. Consequently, the

CBP decided to use a
n interim methodology for

TSS reductions based o
n total phosphorus reduc-

tions. For nearly

a
ll best-management practices

with TSS reduction efficiencies (except storm-

water management), the TSS reduction efficiencies

are set equivalent to the phosphorus reduction effi-

ciency for the practice. This interimmethodology

is based o
n the premise that sediment movement

and transport is the primarymechanism for phos-

phorus transport and that reduction in total phos-

phorus results in a similar reduction in sediment

loss. Sediment load reductions also may b
e overes-

timated b
y not varying the efficiencies o
f

best-

management practices for different storm events

and accounting for design limitations, including

design “ lifetimes.” The WSM assumes a constant

reduction in sediment load for

a
ll flows, a
t

a
ll

times.A reduction in efficiency usually results

from higher flows and the capacity to store, treat,

and hold sediment is lost over time.

The percent reduction efficiencies for total

phosphorus are based o
n a variety o
f information

sources depending o
n the particular best-manage-

ment practice. These sources include scientific lit-

erature, performance data, local site- specific

studies, and best professional judgment in some

cases. A
t

the time the efficiencies for the best-man-

agement practices were agreed upon b
y

the CBP, it

was acknowledged that new methodologies for

estimating TSS reduction efficiencies should b
e

evaluated. Additional data o
n sediment transport

would b
e helpful to define separate TSS reduction

efficiencies for those best-management practices

that will b
e considered for implementation b
y

water- resource managers to reach new sediment

goals.
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